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N vectors. derived from th® 

4 @ Novel carbonyl hY*°>*£ "“Erring or recom" 

ac * l( l sequence of natura y sequences enco 
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^ ing the same. The « modification of a P* * ttnant 
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££s33S3& : 

vitro techniques 

he recent developnent of encoding 

o manipulate the » veil as «e.nt 

, a tu«Uy-oc=uring P 6 ^ synthesis of relatively 
iev.lopn.nt. in the Aenioel ^ cm has 

short sequences of Ettch technics can 

resulted in the speculati some functional 

he used to nodify ““f*’ “ ay . giner, K.H. (««> 

property in e P redlC “ b ^ onl y vorking example 

-- - r \rr ££ 

lC“’ ^nUnson, — - -• 

«£» m. tsl-»ee (Cys35-Gly -tation 

(1983) 8iP^£ - ase4 .ctivity) • 

U60t s .s nodified h, 

When the same t-RNA ^^acid residue within the 
substituting a ««“£££ a=ids , on e of the 

setive sit. vith «o «««“ y aenon.trated a 

uutants (Thr51-Al*) rep ^ xcat/w Pereas a 

predicted noderate » deBO nstrated a nassive 

second » r ;j:Vich could not he explained Vi 
increase in Kcav 
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a H 2 .t al. ' 1984 ' 52422 m ' 

certainty- Wilson, *-H~ 

l87 ' 1 ”' { a single substitution of 

V r reported example of ® tion of cysteine 

rz. -» u „s »• ~ r ~ 

- “tr~ “ • »’•" ~ - 

resbltant mutant -• « cysteine residue at 

r bond between tne position 97. 

. ^ and the native cy descr ibed by the 

position mutant was initia y more 

This crosslmked mun identical to, *>uu 

thor as being enrymatical y Hoeever, 

t^uy stable than. ^ indicated that 

u . ^ r .t. 

mhanced stability od» residue 54 smc 

chemical modification of cystern ^ ^ cye51 has a 

the mutant to the wild W W ' 

thermal sta i _ ia auctase from 

, a modified dihydtofo a similar 

Siml i a h» bee" reported to « Uld be 

EiSSii ha introduce a cysteine _ e m the 

’ Sunbed with a naturally-occurrrng science 

rrse. 8 -partes ~ a - r - 

tb. oxidized 

* ^re^rwbich 

■" -jz =r-“— - - 


specif i° 

resulted i® 

activity. ^ sub stitution 

• n No 0130756 disclose iouef aciens 

EPO Publication * ithin ^ ^lolig ^ 

r f « c residues Thus, Met2/ 
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. t m t„c acids — «» U9 V ' ith 

G l y 166 wit* 9 al£f “ ent 

Ala ““ ral laboratories have aiso 

u sat forth below, sever^ mutagensis to. 

reported the use o ^ one a „rno acr 

produce the station o£ 
residue withiu a polypeptide. 

• of the signal peptide of the 

The abiuo-teosinal region membrane was 

prolipoprotein of the ^f^ bstltut ion or deletion 
stated to be a charge change in- 

o£ residues 2 and 3 to P 6 ., et al. (1982 

region of the psWP“^ T 3438-3441- SMB 

ProcJatrJSi- 9 ^-— e ^titution and deletio 
laboratory also repot 14 to determine e 

° f T°oftc d h substitution on the hydropic region 

:r::: ^ -—3- • 

,1984, ^Biolr^heni 2»- 

_ ite Of tyrosyl-t-RNA 
Double mutants in the carter, *•*•'«* 

synthetase have also been ^ ^ report, the 

al. (1984, 321 a- 8 the p rev iously described 

improved » ££ — « Mp was probed by producing^ 

Thr51*Pro mutant M slte of the enxyme. 

second mutation m Gly35 /ProSl, repot “*i, 

o£ the double ” ta "" S 'esult in that it bound ATP 

demonstrated an unexpect expected from 

in th e transition state ^ tha aut hor warns. 

he two single mutants. it is not readi y 

at least for one double -«£- ^ ^ the effect 

predictable how one U()n „„ that care must be 

C “ USea • t^foterpreting U such substitutions. 

taken m inter?* 
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_ s patent No- a. 532 ' 201 * 

A mutant is disclosed in ^ uaE attached tc the 

wherein . ‘ ogastrone hy modifying the 

C-terminal residue of d ® ln , ep tide. As disclosed, 

DMA sequence encoding th P el ectrophor«tic 

the polyarginine “^"^..polyaginine hybrid 
mobility of the ur 9 ion . the polyarginine 

permiting selective pu to the patentee, 

was subsequently removed, to produce .the 

by . polyarginine specific cons trued, this 

purified urogastrone. l epti des which do not 

reference disclose. * de8 containing the 

constitute mutant P YP of en e or more 

substitution, lnser ^° n erring polypeptide. 

amino acids of a naturally 

„ „f rat pancreatic trypsin 
Single and double uutants ^ ^ (»»> 

have .1.0 been sported. d _ glyc in. residues 

ScieuES 2U> 291 ' 297 ; * tfere replaced with alanine 

at position. 216 “d ^ mut ants (two single 

residues to produce th Jn t he case of the 

mutant, and on. d=uble nuten > ; t ion was to 

single mutants, th. They instead 

observe a differential •« t /K») vhich „as 

report- a change in specifidjj ^ ^ ^ in 

primarily the result rt edly demonstrated a 

contrast, the double mutant ^ lysyl B nd arginyl 
differential increase 1 trypsin but had 

substrates as compared to « 
virtually no catalytic activity 

ferences discussed above are ^ 

The references a the filing date ox 

their disclosure prior be construed as 

instant case, and nothin, 1 BOt „titled to 

an admission that o£ pr ior invention 

antedate such disclosu J applications. 

or priority based on earlier 
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i t is apparent 

Based on the — ponces. ^ seance of 

that the Z*~ *» «- de0r “ M or 

Vila typo enzymes activity, 

destruction of biologrcal octr 

obiect herein to provide 

- -* - - 

.cid of said nutent i. derrved. 

. mutant DNA. sequences 

It i» a further obje ° t “J^Tlase mutants as well as 

.ncodin, such c«ho»y oontiinlng ^ Mtint ». 

expression 

se<jvi© nce ® • 

• *. of the present invention 

still further, another * ’“ ad with such vectors 

is to provide host «1«« ^ aapable of expressing 

as well as host cells w ln tracellularly « 

such mutants erther 

extracellularly. 
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v>onvl hydrolase mutants, 

preferably having save property of 

substantially different froa fr0B the 

precursor non-human i» drived. These 

amino acid sequence ° f stability, substrate, 

properties ^“^ity. thermal stability; 
specificity catalytic pro £ile and resistance 

alkaline stability* P precursor carbony 

hydrolase »»Y carbonyl ^"e mutant 
amino 1 acid ^“^ t “u ti ?„ r “^l.tion or insertion 

is derived by th^ #oias ^ ^precursor carbony 

hydrolase jmino »cid sequence. 

_ mutant DNA sequences 

The invention also mutants. Wither the 

encoding such , 1ob vectors containing such 

invention includes .«*«■ eells transformed 

mutant PH* £ cap^e of pressing said 

with such vectors mnicu 
carbonyl hydrolase mutants. 

EI i s J_BSSSriE^ iffll - 9lJ11 ^^^^ ! ^ijuence of the coding 
I Figure 1 shows the nuc acid sequence of ■ 

Strand, correlated W1 gene. promoter (P> 

nm.efaci eas subtilisin * Ration (term) 

sr rr » -fzrjzrjzz 

*— ... „„„ «• 

Figure 2 is * SCh ^ ilisin together with substrate 

35 binding cleft ot su» 
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«-v, e S-l binding eubsite 
Figure 3 i« * Btere ° V * eW subtilis i n showing » lysine 
of B. amylo i d quqf aci glL- different ways. 

~ — b CitT-x I s t: bound to form a 
ngur. lh shws Ly6 mt position 156. Figure 3B 

— to f °“ - salt brid9e 

with Glu at position 166. 

MUIM WM. Bi *‘* * ni 

. „ deT3 ict the amino acid sequence of 
Figures 5A and 5B depic sources. The 

subtiliain obtained from " ^idue of S- 
residues directly beneath rM idue. 

Mja2liaaefasianE «<*tlHe n ^ manner to that 

which (1) o® ^e ® b.ted^^ aeiCT6 subtlUsln , or (» 
described for B» — X 9S— - . residue in fi* 

can be used as a replacemen am g 5C depicts 

aubtiliEin 

conserved 
vhen compared to 

. „ depict the inactivation of the 

Figures 6A and 6B depi expose d ^ vario us 

mutants Met 222 L and Met 222 Q wn 

organic oxidants. 

Figure 7 depicts the ^^^^r^erated after 

nettem of cyanogen bromide digests 
-dir® subtilisin ~~ on 

high resolution SDS-pyridine peptide ge 
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of the cyanogen bromide 

a 8 z wlth the 

0 ;Um^ **»■ 

. . „f mutations 

n9ure .r m 

between codons 
subtilisin. 

_ •„« the construction of station. 

Figure U aepicte « ^ ^ g _ M , lEliaBeSs i SIB 

between codons 122 

subtilisin* 

_ t Q f dpda on the activity 
Figure 12 depiets ® itions 50 and 124 in 

of subtilisin mutants P 

subtilisin Ket 222 F. 

of hydrophobicity of the 
on the kinetic parameters of 

SCt-ui--- ^ 1Usln - 

, . me effect of position 166 
Figure 15 depicts the sobrt rate specificity, 

side-chain substitut Bn * 1W DU tant subtilisins 

Figure 15k shows post ^ aroM tic side-chain 

containing non-branched alW o£ incrMS tn, 

molecular volume. 

me effect of position l« 
Figure 15 ”at/K» for various -1 

side-chain volumn on 9 
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^-Ficitv differences 

x7 — «- =t“vu ,Giyl6S ! E 0 ; 

Tiel66 and W1AW , . a series °f 

between 11 w+-n isin against .. 

loiifluefaciens subtil ism represents 

^ uei66 minu ‘ 

- . s^ULin. 

vlW -typ. C™“ of BOtatiOTS at 

• te the construction 

■r..” 

codon 169 oi _ 

a.; or. of mutations at 

• 4- c the construction 

; t 

.... of mutations at 

. _ the construction oi . 

Figure 20 suttiUein. 

codon 152 8. SWlaUM®- 

single mutations 

■ „ 21 depicts the construction' * • si 9 1S6 Bn d 

F 19 °re 21 Sep patrons at 

of mutations a 

, Fignre 22 depicts s ubttUsin. 

codon 217 fox 1- HSU— 01 - for 

— 23 rs 

mutations at coaon 

r.» 

suitiUBin - . „ H profil® for 

30 , t the kcet/KU versus f , r jens 

Figure 24 depict, tn ^ 6 . ssalslisasl- 

• - at codon 222 

mutations at. 

subtilisin- 
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- 1 °- at c odons 

onS tructing ® utan 

r r« »" 4 96 ' « B p*=« ieity . 

9 ’ i e * substrate P dif ferent 

, 6 a nd >•> aet,i f; t B ubtili- sins IeI 
***-. ^ ind " 

variou charge 

aubstr»te«- we etteot of 

„ k. - * “ 4 6 

d in the slt * , or » » ® slt W „ is »“ llt “ 
Mtt *. is »aii« to tors 5UBS trst. 

“ in t». W * V “ st codon !«• 

15 C °Ts trlMe aetivitV «*»°* 

f orB > dusl so 2 ^* r panel M • 

d^onstrstss res^ wiia etype <>» 

figure curves f° r ^ - ipanel c ) * 

«»p.r»t«* euiv C21/C el 1*-* 

2 0 e**/*" ^ 8l W „ „ for producing V=£ 

<r.ts the strategy ^nce by * 

»*«• 31 ^ubtiU- ^idatripbosPbetee. 

mutations o, tb ioiaeoxyn rf pU rifi e< 

corporetron .niclytio «*£ 107V , w » en 


nutations in o^ tbi oldeoxynucleo ur ified 

— iOT 0 Us tb. eutoivtio «g»J' U end 

“ T-tent »ubtiH «- 2 

v ild typ &lba line pH ‘ ified 

^ ” tB tne eurolltic ^ ^ end 

Q 3 3 depic tB to eubt il^ sinS 

F igure mutant 

vild type aU»Un* P«- 

r 50 / vioi/pn 3 2t 
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-IX- 

, for constructing 

" - e " eSiS ~ 

P 4 idues 197 through 22 B. 

residues f 

2= 

228 * ’ of mutants at codon 

Figure 3* ^ ~ 

„ depicts the oligedeoxynudeotides 

^htsHing — “ - “ d °" ’°" ' 

that various single and 

« rr“i jr rtr. -»■ 

substitution, 5 debtor, . 

Mine acids within * ler advantageous propertie 

, ^ - compared to the — 

carbonyl hy ,, rUM anbtiUsin. an 

specifically. 2* been mutated Y 

alkaline bacterial “thtuisin ^ ^ 

. . dha encoding , various 

!5 modifying the D amino acids 

the substitution ot ° ne ° Ba ture form of tb 

**' acid residues uitbi" tb mutant 

amino aci» These IB < s 

subtiliein molecule. ^ propert y *»* £ 

snbtilisins have a ^ ^ sa me property o 

3„ different Ihese modified ^ 

—»»• . 

ttability. activity, P» activity 

alkaline stability. 
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ce to proteolytic delation, 

_ . i_ resistance to P 

£°atU K»/X«t ratio. 

. onsynes *i=t hyar ° ly ‘ 

carbonyl bydroleses ar 


— u 

1 , <„ Vbicb X i6 oW9e " “ 

, s containing e-x bonds l “ carbonyl 

conpound ^ inc i u de natural y bydrola «s. 

nitrogen. recoinbinant c principally 

hy4t °T» oozing carbonyl ^asesJP ^ 

"‘Tda hydrolases, U ® oeta iloprot.as«s . 

include ^by ^tilisms or oacylpe ptide 

hydrolases, ._ seS include acylamino 

hydrolases hydrolase, acyj - 

pep f.. oeptidylanino-acid W Kt ,iiocarbory- 

hydrolase, ^ 0 arborypeP« 4 “ ' prot einas. and 

hyd !° i ; ase ', thiol proteinase ( tar ttioi ^ acid 

peptidase, Serine, aetaii e xo- 

netallopr=teina.e. ciuded _ ^ ^ „ endo 

pr ot© aseS 

proteases. f rs to a carbonyl 

— --Sr r-"-^ ' zsjz . 

=ss rss — rr - 

produce « ® 1I)sertio n or deletion o BC id 

Bubstitutro. ^ carbonyl bydr^ ^ aisclossd 

“^ suitable aodiiication ne . ** 

•equence. publication »°- 

jerein and i» 
ranuary 1985 ’ 


sequence . 

are in a 

anuary 19 8 ^ which 

. a re baoterial cerbonyl « d f “ t . ln s .r 
iubtilisin® « peptide bond. °J , 

jenerally eot t ^ hereln , ..ubtilisi 
peptides. ing subtilisin or oCCU rring 

naturally oi secreted 

abbtiHBin. > „ ie produced and ctten 


- 13 - 
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wnino acid sequences of 
«• -* entirei e y B 

the Beaters ° gubtilisins in thiB * erl 

homologous. Howeve, type of protect 
exhibit tbe aene or •» pro teaeee chares a 

activity, This class of , ca t.lyti= triad 

common amino acid seqaen chymotrypsin related 

uhich distinguishes the. free ^ subtilisins and 
class of serine Pt proteases both have a 

chymotrypsin relate aspartate, histidine and 

catalytic triad P related proteases the 

serine. » the acids , reading fron the 

relative order of ^ asparta te-histidine- 

anino to carboxy sln related proteases tne 

zz. “rrsrs^- 

- * — in rellted 

proteases • 

to a subtiliain in 

"Recombinant subtil ism the subtilism is 

, uhich the Dhh sequence «codl 9 Mhlc h 

modified to produce a aut»^ ^ inMrtlon ol one 
encodes the substitution, d 1^ naturally occurring 
or more amino acids Suitable methods to 

subtilism amino acid segu dls olosed 

5 produce Buch .odlfica ho . 0130756. F ° r 

herein and in ^ ^“luiple mutant herem 
example, the ef met hionine at amino 

containing the BUbs i phenylalanine, 

acid residues 50, 134 and can be 

)0 isoleucine and J> ltt “ ^ lro m the recombinant 

considered to be der utioB of glutamine at 

subtilism containing th Ep0 publication Ho. 

residue 212 (Q222) * 1B ° ° ^ mas is produced by the 

0130756. 1110 11 f lt phenylalanine for methionine at 

35 substitution of Phenyl 
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' l4 ~ . » at residue 

. e for methionine 

,aue 50 » n4 isole,)C nt 

esidue o reCOin binant bud 

24 in the ma y be obtained 

•“ rtonyi r 

gram negative “ g ba cteri» »“<* * l6B s from “ hlch 

and g»B p0S 1BI of euoaryoti= ° b e obtain®! 

bacillus- ** * „d their gene such « 

carbonyl W« ol “ as s. *«**“* a u=h 

include y«« and non-human n®ma ^ gen. 

KspergiU uS ' Bovine sp. chym0 sin can be 

“> IW carbonyl hydrolase ^ of carbonyl 

encoding th vlth aubtllisins- var tous relate* 

obtained. A obtained tr w hich are not 

hydrolases ,®®“ a»in° &cid BetS ^” of that series 

species ***** between the «■** c r similar 

entirely bOT °^ 9 leBS exhibit th ^ carbonyl 

but vhich ne»e Uvl ty. ■»”' ” . aefi nition 

type cl biclogrta* ac^ ^ . yun^icnal ^ 

hydrolase a ‘ carbonyl hydro a aryo tic 

which refers t M indirectly » 

essociated, ot ic sources. 

end non-human euoary M inc acid 

m I»se mutant" na .. se qaence 

s „ .carbonyl • from *• “^° lro lase«. *- 

segueneewh llpre cursor carb ° ny jude naturally- 

o£ a non “ r60 nyl hydrolases ^^^ent carbonyl 
precursor hydrolases an ^ carbonyl 

occurring car ^ a cid seguen^ ^ precursor 

hydrolases. T t. derived" fro destitution, 

hydrolase »ttan ^ Be(JU ence by a cids of 

hydrolase «« • lon of one or » .edification 

deletion or m«r segaence. *> „ the 

the precursor amin ^ ^ noa „ 

la of the "precu 
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10 


15 


f the precursor carbonyl 
amino acid sequence ° tion of the precursor 

hydrolese rethem then pethods for such 

carbonyl hydrolase B* — ’ m sequence IncXu e 

Ssrcitrt - - *— *' ' 

0130756. 

v loiiguefaciens subtilisin 
Specific residues ° £ B ' s * bstitution , insertion or 
are identified * position numbers refer t 

deletion. These subtilisin * 

those assigned to 'f* £ however, 

sequence presented in this particular 

is not limited to the mutation ^ uarbonyi 

subtilisin but s’* 8 ”* 8 acW residues which are 

waroi ^t» " 

Mbtiustn ‘ 

of a precursor carbonyl 
A residue (amino aci 1 residue of B- 

* is equivalent to » either 

hydrolase is . sin if it is 

1 asOsUsgsJsSiMS 8 in ln position in either 

homologous, <l.e-. corr, " ctare) or enelagous to a 

primary or - tertiary of that residue in B- 

specific residue or P _ having the same or 

jaalfilialSfaEiEnS 8Ubtl1 oosbine, react, or 

5 “ paclty 

interact chemically) . 

to primary structure, 

» order to establish homclo® > phenyl 

the amino acid sequence ^ ^ fi. 

>0 hydrolase l8 <U a ^ tiUG i„ primary sequence “ a 

»TnYiollqas£a£i ■ f residues Xnovn 

particularly to a ... for which sequence i 

invariant in ell »nbtiU“ the conserved 

Known (rigure. 5C > ’ “ecessary insertions end 

35 residues, allowing 


0251446 


t . onB in . r4 « « 

"ofaU - -^ti.n o. ccn— ^ 

arbitrary a.^ : * , cld6 lB the pn-V 

— r.r 

sequence or - conserved residues pr 

defined* Mignaent of ^ ^ reslaue5 . However, 

should conserve or as uttle es 50 o 

alignment of greeter th adequate to define 

conserved residues „ of th. catalytic 

— ie 

„ s,.. amino acid sequence of 
in Figure 5 A tne subtiiiSiB 

For example* i art^dsUaHS^Sfi^ B ’ 

subtiliein from -* , . p _ fom ^_ (carlsbergens s) 

var. H 68 and B * amount of homology 

aUgned to provide the s“i ^ ot these 

between amino acid segue n umber of conserved 

«- ne “r.Unnr: V.guence. These residue. 

. _ UB ed to define 

conserved residues thus may idues of I- 

These conserve® . ino acid resiaue 

the corresponding equW.l»^ ^ oth . r carbonyl 

mlsU . ffittasiSM • thermit... derived i»n 

hydrolases such ^ partic ular sequence 

Thermoactinomyces. duce the ^ximum homolo^^ 

aligned in Fig. there are a nuro® 

conserved residues As -n be . equence 

of insertions and deletlo n. i ^ Thus, 

a compared to E* ®^f^o ac id of «-» » 
iB thermit.se the u th. particular 

> i n g. siyifilisas 
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wiiisin position 217 is a 
in I- 6 2 j 5 t i eniJor!niS position 217 

occupied by Tyr but in fi. U- 

is occupied by Leu. 

. 1ar residues in thermitase, and 

Thus, these P articu ^.,., iT1 and J. jishsnifEHit « 
subtilisin from a- ^ anlno ac id to produce a 

be substituted by a diff ^ are equivalent in 

mutant carbonyl hydro a ^ ^ HSjOalisasIssisns 

primary structure sci ds of course are not 

subtilisin* but extend to any residue 

limited to those lo W residue in B-' SMlsUSM' 

which is B9 ulVal “ resldue s are conserved or not. 
Helens whether such real 

at the level of 

Equivalent residueshomolog^^ earbonyl hydrolase 

tertiary structure lor P 4ctar min.d by x-ray 

whose tertiary **■*« “ ~ rhosefor which the 

crystallography, are Bore o£ the nain dam 

etomic coordinates o£ 14 residue o£ the 

atoms o£ a 

precursor carbonyl ^ c on c, and 0 on 0) are 

subtilisin (» on V, » <» ' 01M1 a£te r alignment, 

within o.iinm and pesi 'model has been 

Alignment is ach ev maximum overlap of 

— — * -r ;• 

i atomic coordinates ^ question to the 1- 

the carbonyl hy&c ° * . . in T he best model is the 
^•mvlolic D J^facie ns subti • lowest R faC tor for 

crystallographic model 9 the highest 

e^erimental diffraction data . 

0 resolution available. 


r factor 


slFo(h) l — l Fc(h> l 

h ^r|Fo(hT 
h 
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„-ch are functionally analogous 
Equivalent residues which ‘ saylsUSB^ 

to a specific residue^ ^ a „ lrio acids of the 
BUbtilisin are define uhich nay adopt 

precursor carbonyl hydr=l»s ^ ^ modify or 
conformation such that * nrB , substrate binding or 
contribute to protein s ^ sttrlbu ted to a 

catalysis in a mann E . aaiaUsBBfaElsn- 

specific residue of ^ Eurther, they are 

.ubtllisin as descry ^ Mrfaonyl hydrolase 

those residues of the P has been obtained by 

(£ot vhicb a tertiary s «^ icli ^ „ analogous 

x-ray crystallography) » ^ although the main chan 
position to the ex cay not satisfy, 

atoms Of the gi™" «s o£ occupying a 

criteria of equivalence on ^ coerdlna t e s of at 
homologous position# atoms of the residue lie 

^oTlnT'erJl^^ - 

with O.isnm oi subtilism. Tne . . 

.-l^^ facien S sUD ^ , . aS outlined 

i above. 

(dentified tor substitution, 
some of the residues ^ r .sidues whereas 

insertion or deletion ^ r a S idues which are n 

others are not. In th ^ ^ mor . amino acid 

5 conserved, the «r laC ^ ion5 u hi=» produce a mutant 

is limited to substitution ^ floes „ot 

Which has an ssino acid^ „ the case of 

correspond to one o ^placements should no 

• conserved residues. such .ace. the carbonyl 

„ result in a 

^Tor^ot carbonyl hydrolase “ ”.„ts. 

mature forms oi such hydrolase m 

- - Tpreterred construction since 

The prepro-forms a 
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c i nn secretion and 

nutants - 

. . refers to a DNA construct 

"Expression vector ls opera bly linked to 

containing a DNA sequence wh effecting the 

. —vrt * " itobie host - such 

expression of sai a pr0 moter to effect 

control sequences operator sequence to 

transcription, an P sequence encoding 

control such transcription, sites , and sequences 

suitable mRNA ribosome ^ transcript ion and 

which control termina i ^ a plasmid, a phage 

translation.. The vec ^ genoffiic insert . Once 

particle, or. simply ^P-^ bie the vec tor may 

transformed mto a _ indepe ndently of the host 

replicate and functi • inte grate into the 

genome, or may, ^ present specification, 

genome itself. * are sometimes used 

.pi as *id- una vac u the most cos-only 

interchangeably as present. However, the 

used form of vector such ot her forms of 

inVenti0 :;ierrli- serve equivalent functions 

rrrura.or become , known in tbe art. 

_ -in the present invention 
The "host cells" use ^ ^ eucary0 tic hosts which 
5 generally are procary by the methods 

preferably have 0130756 to render 

disdo se d in BPO Publication *>. 
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reting enzymatically active 

them incapable of for expressing 

endoproteese. * Villus strain BS2036 » hlch 

subtilisin 1. the Baca ne utral protease and 

deficient in ensymatica Y . ^ construction of 

alkaline protease (subti ^ Epo Publicatin 

strain BG 2036 is ***=“ ascribed by Yang, K.Y., 

„o. 0130756 and Mrth 15 „ 21 . other host cells 

•1- < 1SM1 ^SrsiTinoiuae 

a or tranBf acted with vectors 
Host cells are transforms DtlA techniques. Such 

constructed using "ocsb^ 0l .fth.r 

transformed host cell carbonyl hydrolase 

replicating vectors carbonyl hydrolase 

mutants or expr.ssing the^e^ ^ encod . the pre 

mutant. In the caw hydrolase mutant, such 

or prepro f«- ^ typically secrete* from 

Cho'.; ctl” into the host cell medium. 

separably linked" -- ^"’e ' 

rronTuy 3-2 to either. * 

preseguence is operab y participating in the 

functions a. a Iff * ' of the protein most 
secretion of the ^ure ^ ^ seance- K 

probably involving cl«a9 sequence if it 

promoter is operably link,d “ Be? oenc« ; a ribosome 
controls the transcription of^the ^ ^ 

binding sit. is Y „ peEO it translation, 

if it is positioned so as t P 

_ naturally-occurring precursor 

•The genes encoding in accord with the 

carbonyl hydrolase may be 


25 
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„ -wj herein in EPO Publication 

general methods described herex 

NO. 0130756. 

r:;r^-:v:n 

— - PI e = — 

modifications disclosed in EPO Publication 

mutants described herein. 

honvl hydrolase mutants of the present 

The carbonyl hydrois specific 

. • n mav be generated by site sp 

invention _x. 493 * 

f Smith M. (1985) Ann 1 Rev^ 1 ' 

mutagenesis (Smith, . p pe ig 

* M T et al. (1982) Nucleic Acid Res^. ±u. 
Zoeller r *' . (EPO Publication No* 

6487-6500). cassette et al. 

0130756) or random mutagenesis ^ 

,1985) Genetics, 110 , 539: Shortle, D., et . 

^e.ns: Struct ' > ^ siochem> jo.~ l, Mber. 

Shortle, D. (1986) J. Ceii ^g -* 

. , n «aet p rno. Natl. Acad. Of Scij./ l£* 

T., et al. (19001 — — “ T sen 15298: 

« al (1985) J- Biochem^ , 260» 15-JOO, 

Matsumura, M. , et al. • - s . 83 

_ _e. al (1986) Proc. Nat l. Acad.. of_Sci i , — 

Liao, H., et al. (isooj ; ^ hydrolase. 

576) of the cloned precursor carbonyl ny 
® ^ . . -u random mutagenesis method 

Cassette mutagenesis and the random mu g 

disclosed herein are preferred. 

The mutant carbonyl hydrolases expressed upon 

1 -a. t. 1 ^ hrxsts are screened for 

transformation of surta erti es which are 

enrymes exhibiting « p P roperti „ of the 

substantially different changes in 

precursor carbonyl hyOrolases^ ^ 

substrate specificity, resistance to 

stability, alkaline stability. 
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proteolytic degradation, pH-aotivity profit 

like. 


10 


15 


20 


25 


A J. 

k trat. specificity in lefined as. a 

h change in substra J at/KI1 ra tio of the precursor 
difference between o£ thc hy drolase mutant, 

carbonyl hydrolase an ^ Masure of catalytic 

The kcat/Xm rat o uutants with increased 

efficiency. «=“ Mn ^” ios are described in the 
or diminished ” ectlV e will be to secure 

examples. Generally , t ^ erically large) kcat/K» 
a mutant having a ‘ ttere by enabling the use 

ratio for a 8 .mciently act on a target 

of the enzyme t.. ln kc at/Km ratio is 

substrate, * « increase or decrease, 

preferably at least ! *“ dec „a,es in the ratio 
However , .sailer increase.^ o considered 

(e.g . , at l« ast * vcat/K a ratio for one 

substantial* *> ine ”"‘ by , reduction in kcat/Km 

substrate »y be accompauied W ^ ^ . .hiftin 

ratio for another “ sutants exhibiting such 

substrate specificity. ursor hydrolase is 

Shift, have -iiity -» -Jesired hydrolysis of a 

undesirabls, ,e.g. P admixture of substrates, 

particular substrate in ^ aocord w ith known 


30 


„. litv is measured either by known 
oxidative stabil y described hereinafter, 

procedures or by the is evidenced 

substantial change n ge Qr decrease (preferab y 

by at least about 5 ^ i ^ of enzy me activity when 

decrease) in the ra idizing conditions. suc 

exposed to various to the organs 

oxidizing condition 


l 
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. »r^d (DPDA) under the 

oxidant diperdodecanoic acid ( 

conditions descried in the examples. 

. wiit» is measured either by Known 
saline „ ethods described herein. A 

procedures or Y lkaline stability is evidenced 

substantial change increase or decrease 

b y at least about a 5< jr ^ ^ U£e ^ ^ 

(preferably inotease ^ vhe n compared to the 

enzymatic activity _ the case of 

precursor carbonyl hy ”“^ measured as a 

subtilisins, altaline o( subtUls in 

function of autoproteoly ie • 0 .1K sodium 

at alkaline pH, e*9 
phosphate, pH 12 at 25* or 30*C. 

. stability is measured either by known 

rr^Tr b/the 

substantial *** decrease 

C.t^rature 

to the precursor c “ bo "^^ i ” ie measured by the 
subtilisins, therma subtilisin at elevated 

autoproteoly tic degradation sample 2mM 

temperatures and neutral P H ' e ^ ' 
calcium chloride, 5omH HOPS pH 7.0 at 59 C. 

, a. have produced mutant subtilisins 

The inventors hav p acid res j.dues 

containing the substitution o ghown in Table i. 

of E . sylsliaa^si^ BU1 ence ^ D(1A sequence of 

The wild type “* no “^ til £ in la shown in Pig. 1- 
B. amyloll<T ,ofagien - 
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15 


20 


25 
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Ser33 

Asp36 

Gly46 

Ala48 

Ser49 

Met50 

Asn77 

Ser87 

Lys94 

Val95 

Leu96 

Tyrl04 

Ilel07 

Glyll° 

Metl24 

Asnl55 

Glul56 

Glyl66 

Glyl69 

Lysl70 

Tyrl71 

Prol72 

Phel89 

Aspl97 

Metl99 

Ser204 

Lys2l3 

Tyr2l7 

Ser221 


-24- 


TABLE I 
p»placem oT, *~ Amino 


fA 


Q S 
A T 
A G 
V 

E V 
C L 
C F 


R 

V 


A C 
V 

C R 
I L 
A D 

. Q S 
C E 
C D 


DE r«Hi*n ,1,,Q * s * V " 


10 ’ 

T T MP S TW Y 

E F B I K X. « * » 0 * T ” * 


E R 


E Q 
A C 
R A 


r»«t}STVWY 

OEGBIKLMKPQKST 


C R 
R T 
A c 
A C 


L P 
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. acids substituted are represented 

*» « ££er * nt “t n ° the foUcwing single letter 
in Table 1 ®y 
J — I 4 OHS • 


5 


10 


15 


20 


25 


Amino acid 
or residue 
thereof 


3 -letter 
cyinbol— 


Alanine 

Glutamate 

Glutamine 

Aspartate 

Asparagine 

Leucine 

Glycine 

Lysine 

Serine 

Valine 

Arginine 

Threonine 

proline 

Isoleucine 

Methionine 

Phenylalanine 

Tyrosine 

Cysteine 

Tryptophan 

Histidine 


Ala 

GlU 

Gin 

Asp 

Asn 

Leu 

Giy 

Lys 

Ser 

Val 

Arg 

Thr 

Pro 

lie 

Met 

Phe 

Tyr 

cys 

Trp 

His 


1-letter 

symbol— 


A 

E 


Q 

D 

N 

L 

G 

K 

S 

V 

R 

T 

P 

I 

M 

F 

y 

c 

w 

H 


30 


. indicated by context, wild-type 
Except Where otherw “ .hove three-letter 

amino acids ere »pr..e»ted W , cida by the «*— 
symbols and replace u the methionine at 

single-letter symbol.. _ >>rigns .ubtiltoin « 

residue 50 to B- MB 
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„ +af i on (mutant) may 
, iM this mutation * 

laced by phenylalanine, designations 

;f:lsi 9 na«a hetSOP or S^Uar 

txe used for multiple mutants. 

. acids used to replace 

in addition to the “ ^ other replacements o. 

residues disclosed expected to produce 

amino acids at ul properties. These 

mutant subtilisms havr 9 are shown m 

residues and replacement amr 

Table H* 


35 
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TABLE II 


•Residue 

Tyr-21 

Thr22 

Ser24 

Asp32 

Ser33 

Gly 46 

A1&48 

Ser49 

Met 50 

Asn77 

Ser87 

Lys94 

Val 95 

Tyrl04 

Metl24 

Alal52 

Asnl55 

Glul56 

Glyl66 

Glyl 69 

Tyrl 7 i 

Prol72 

Phel89 

Tyr 217 

Ser22l 

Met222 


L 

K 

A 

G 


L K I V 

D 

H 

R Q 
L I 

K A 

CLITH 

A T M L Y 


K R E Q 
D N 


- - - rr:r rr rr t 

— - t ; r r;v in£1 r. 

^7^Tue 5 were Phoeen to pro*. tM 
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m varlo us properties o£ B- 

of such substitutions on 

asaioiiaasfisiM subtmsin. 

'dentified Ketl24 eud *et222 
Thus, the Inventors heve i substituted with 

: inportent residue, jff BU tent suhtiHsin with 

another enino sold Metl24, Led “ d 1 * 

enhanced oxidative stability Preferred 

- -rtSS' 0^222 ere disclosed m 

rpo^u-r »! 0130,88. 

. residues have also been 
Various Other «> eclfl witt regard to substrate 

identified a. being inporta^ u .i„ 

specificity. *&ese re ^ Tyr2l 7 for vhich 

S1U156, 01yl**» sl *“ ; arious replacement amino acids 

mutants containing already been »ade, as v 

presented in Table I ^ *« - t “" 

Is other residues presented 

have yet to be »ade. 

including those 

The identification inventors- high 

vet to be mutated, nlicr ,Q,f f >>eien - 

resolution ^^“‘le Ji. «-r expels 
subtilisin to 1.8 & ( subtilisiu and th 

with in Si t» mU “ 9 “* mis vork and the x-ray 
5 literature on 'Ubtilio^ ^ c(mtain ing covalently 
crystal structures of suhti ^ J-D . , * *1- 

bound peptide inhibit” ‘ 2449 , , product complexes 

(19,2) Bissau®* 8 * 331 13,1 2) sis ^ ss itSst H- 

(Robertus, J - D - ’ 84 .J"' tote analogs (Katthevs, 

io 4293-4303 ) i and ESfi* 

Poulos, T.L., Si a ■ identifying an exten e 

109, ”1103) • WO helpea ^subtilisin* This substrate 
peptide binding =1.« ^ ^tr.te is statical y 
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• to the nomenclature 

alagramemed In «9- *> giocilSnJi'l— 

of Schechter, I.. * * ln the substrate 

ssssaau 21. 157. Tte « P and P' designations 

ir^TntUied by an ; •*£ ® ^ «. positioned 

rsler to the amino aci catboxy terminus 

respectively toward “-o ^ , ind •• 

relative to the ln the substrate 

aesiqnations re er tOi^iH ^ wlth the 

^d 1 " sUtate amino acid residues. 
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>tc,»ic coordinate , 

Apoenzyme Form of B, _™.. ol utlon 


tl* • 

tit c 
tu c* 

(U Cl 
(It o 
Cm cc 
6m on 
sc* * 

Sic C 
sic cc 
111 ■ 

V*L c 
*ci ca 

VCL CCZ 
MO Ct 
0*0 0 

0*0 cc 

if* ■ 

ft* c 

TV* CC 
TV* CD1 

tv* cei 

TV* Cl 
CLT « 

CtT C 

vet a 

vti C 

m cc 

m C62 

ssa cc 
sic « 
sc* m 
cm cc 
cm o 
Cl* cc 
cm on 
uc * 
in c 

III cc 
UC CM 
ITS * 

IV s c 
ITS CC 
ITS CO 
ITS at 
etc cc 

CL* 0 

mo a 
0*0 c 
0*0 cc 
000 CO 
etc C* 
tic 0 

uw a 
itu c 
itu cc 

ICtt CCS 
ais a 
ats c 
ass cc 
ats aos 
ass ccs 
.ct* a 


s 
s 
I 

1 

2 
2 
2 
J 
2 
2 
c 

4 
4 
4 

C 

s 
s 
c 
c 
c 
c 
c 
c 

T 
T 

a 
a 
c 
a 

a 

c 

c 

sc 

51 
so 
sc 

ss 

ss 

ss 

ss 

52 
IS 
S2 
S2 
12 
S2 
SI 
S4 
S4 

54 
14 

55 
SC 
SC 

sc 

sc 

sc 

ST 

IT 

ST 

SI 

ST 

SC 


13.43* 
SC.T2S 
2S.CTC 
»T. 21* 

so.?** 

SS. C2C 
S2.02S 

ST. 4TT 
SC.12S 
SI. SIC 
SC. CCS 
SC.S2C 
SC. IOC 
IC.OJT 
SS.2C4 
S4.IIS 
S3. 0*1 
St. 3*3 
IS. 3** 

17. *2* 
sc. *37 
10.535 
11.212 
14. *4* 
12.400 
S2.44S 
22.3*3 
11.7*5 

sa.ccs 
14. *SC 
S4.SS2 

sc .set 
ss.ee* 
12. ICC 
S*.2*S 
14.35* 
11.425 
S0.20* 

1. 122 

a. 1*2 

11.272 
10.434 
21.257 
12.3*3 
14.4*4 
3.323 
3.331 
11.332 
11. TO* 
SS.*42 
22.2*1 
11.373 
11.0*1 
c.oas 

T.312 

6.7*4 

S.CB1 

0.4*3 

3.310 

t.TCt 

a .esc 
3.22* 
10.442 


33.1*3 
§0.3*3 
$1.51* 
4 *.ooa 

47.143 
*7.303 
41.412 
47.203 
44.310 
43.03* 
43.4*4 
41.33* 

41.422 
42.244 
41.413 
SC.243 
43.213 
21.2*0 
34.173 
27.323 

35.432 
34.170 
23.13* 
37.342 
34.335 
37.521 

24.433 

31.300 

11.31* 
33.2*2 
S3.C14 
34.7*7 

32.424 

30.4*2 

31.417 
23.14* 
32.373 
31.712 
32.441 
32.433 
22.1*5 
23.014 
30.4*4 
20.317 
27.4*0 
33.131 
33.10* 
33.11* 
33.337 
34.500 
35.334 
S3.*St 
23.711 
34.130 
33.323 
34.613 
33.23* 
34.121 
$7,301 
33.1*0 

$3,007 
33.11* 
37.033 


-21-754 
-21-32* 
-21.113 
- 21 . *>* 
-21.4*1 
-21.327 
-22.147 
-13.C52 
-13.410 
-11. 041 
-13.725 
-11.2*0 
- 20.022 
-22.U4 

-14.027 
-17.1*4 
-13.321 
-13.417 
-13.520 
14.13* 
-14.3*4 • 

—14.453 
-15.421 
-14.430 
-15.470 
—14.5*1 
—10.735 
-10.5*7 
-17.733 
-13.342 
-13.101 
-20.351 
•14. 074 
•17.413 
-14.SCI 
-12.7** 
-17.670 
-13.405 
-17.475 
-15.3*1 
-20.277 
•22.522 
-22.214 
-22.130 
-20.335 
-22.431 
-24.301 
-23.0*3 
-24.317 
-24.612 
-22.75* 
-27.3*7 
-21.270 
•27.2*0 
-20.321 
-24.410 
-27.00* 
-27.322 
-21.0*0 
-27.431 
-25.272 
-24.14* 
-30.022 


1 414 Ct 

1 41* 0 

2 Ui« 

2 cm c 

2 61* Cl 

2 sm co 

2 61N «2 

3 sea cc 
s sc* a 
l sc* 06 

4 Vti. CC 

4 vet 0 

4 VCL CCS 

3 MO a 
a no c 

f MO CC 
s MO CD 
6 TVC CC 
6 TTO 0 
6 SM CC 

4 TVC C02 

6 TV* CE2 

a in OH 

7 617 C4 
T 6LT 0 

a v*i c* 

0 V4L o 

a *ci ccs 
3 set a 
3 sea c 
3 sea cc 
so si* a 
10 sw c 
so eta cc 

13 61* CO 

10 cm all 
u it* e* 
u lie o 
u ue cci 

11 ue coi 


12 

ITS CC 

12 

ITS 0 

12 

LIS C6 

12 

ITS Cl 

U 

ci* a 

1* 

ct* c 

IS 

CL* co 

I* 

000 cc 

u 

000 0 

I* 

000 C6 

19 

Cl* a 

99 

01 * c 

19 

414 CO 

19 

icu cc 

9* 

LOU 0 

99 

tea cc 

99 

LIU COS 

91 

ais C* 

91 

ais a 

9T 

ass cc 

91 

ats cot 

9t 

ais aet 

99 

oeo cc 


ii.cii 

10.174 

1C.26B 

17.173 
14.125 
13.312 
14.115 
17.350 
13.310 
17.4*2 
13.1*6 
17.123 

14.174 
15.23* 
15.301 

14.150 
14.1** 
14.620 
15.224 
10.021 
17. *1* 
17.015 
ia.312 
13.211 
11.7*7 

11.777 

11*431 

11 . 10 * 

13.461 

S4.1CI 

13.32* 

14.115 

12.607 

14.123 

14.416 

14.552 

10.373 

3.173 

3.046 

7.300 

11.300 

10.171 

12.213 

13.023 

10.101 

10.024 
0.015 

11.315 

11.170 

13.320 

11.56* 

10.302 

11.332 

7.131 

I. 342 
3.100 
4.63* 
0.030 
3.107 
3.105 

o.oca 

0.073 

II. 10* 


51.17* 

31.1*7 

41.004 

47.70* 

40.740 

41.742 

44.117 

45.040 

43.352 

*6.210 

42.411 

41.170 

40.572 

42.104 

31.105 
41.M0 
42.10* 
31.003 
35.3*3 
35.0*7 
34.100 
33.331 
31.030 
36.4*0 
35.470 
37.523 
33.716 
31.013 
36.310 
33.120 
33.432 
33.001 
31.007 
32.005 
31.111 
30.1*0 
31.10* 
31.333 
34.117 
$4.4*0 

32.U1 

32.103 

21.030 

*7.4*7 

34.130 

35.714 

34.1*5 

34.431 

$4.0*7 

34.110 

34.236 

33.115 
32.141 
34.050 
36.12* 
33.463 
32.207 
30.151 
30.422 
31.200 
30.12* 
33.320 
34.131 


-21.1*5 

-20.173 

-22.0*1 

-20.112 

- 22 .*** 

-22.130 

-23.12* 

-11.437 

-11.22* 

-11.0*1 

-11.631 

-10.006 

-20.7*1 

-17.331 

-14.2*1 

-15.263 

-17.417 

-15.713 

-14.235 

-15.035 

-14.071 

-14.371 

-15.114 
-14.376 
-15.003 
-17.034 
-11.470 
-13.343 
-10.773 
-10.3*5 
-13.505 
-11.462 
-11.277 . 
-15.410 
-13.1*7 
-12.251 
-10.101 
-20.100 
-10.0*1 
-11.323 
-21.722 
-23. *** 
-21.423 
•21.1*6 
-21.131 
-23.0*3 
-21.5*5 

-25.120 
-27.4*5 
-23.221 
•26.12* 
•20.032 
-27.0*2 
-27.020 
-21.1** 
-24.022 
-24.203 
-20.53* 
- 30.016 
-24.2*2 
-25. 61* 
-24.3*1 
-31.322 
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ll.t» 

t*.m 
1 . 0 * 
i.ox 
t.m 
».u> 

i.iti 

t.»*i 

*.»»> 

*.n» 

».*n 

i.i’» 

MK 

1 . 0 * 

t.m 

i.iu 

i.to 

t.m 

i.M* 

•0.1*1 

.(ill* 

-t.m 

•t.i>* 
>).((• 


n> ‘ 

»»* e* 

*i> ■ 

*i« l (t 
H* {* 

$1* 

ll« «* 

■ it* t* 

i ii* « 

t m w . 

ii ii* » 

» in «* 

►» 11* o» 

It W* 6* 

II 0 

jl TO »« 

11 «V*“ 

It *V1 t 

}4 »•* ' 

i* 5. 

S B? 

B B» 

ii »i« »« 

** »“■ i 

14 I** * 

1* *» l C *. 

in to* 

IT l«t* 

S til « 

8 SI? 

K "it tit 
ii it; “ 

** **' ' 

II m * 

10 1*1- c 

»• <>i e !, 

it m «i 

B yy* 

*1 tl* 161 

• if. if 
8 Si ’« 

* IS If 

It »** • 

8 I'' S 

ii it «• 
f, it'. {.. 

i> XI* »» 


i*. in 
ii.m 
»*.*»* 

>*.!»» 

It.*** 

11.1*1 
|0.*»l 
•*.»** 

|1.l** 

|1.l)i 
>».*!* 

Jl.** 4 

J4.11* 

>*.*« 

>4.1*1 

40. *** 

41. «* 

4X.*»* 

4*.*** 

41.01 
41.1** 

41.*** 

41.1** 

4l.»»* 

4*.0» 

4>.t** 

4J.1**. 
4l.**1 
41.0* 

4«.«B* 

J1.»** 
41.*** 
41.*** 
44.*** 
4*.*** 
4».‘‘» 
4>.1*« 
4t.*** 
41.*** 
44.lt* 
4l.*** 
*».»*» 
4».»»* ; 

41.*** 

4* •*** ' 
44.*** 

• ».«» 
4J.1«* 
4l.*«* 
•*.*** 
4*.*»* 
4*.*** 
44.*** 
41.*** 

• 1.1** 
#*.*** 
Jl.*** 
10.111 
•ton 

*••*»» 
41.*** 


•t.m 

•i.i*» 

•4.1** 

-4.11* 

•4.11* 
-J.ll* 

-t.m 

•4.1** 
-4.*** 

•a.*** 
.1I.IH 

•4 »§1* 
•4.11* 
«!.*** 
•1.4*1 
-J.1*1 
•4.*** 

•4.01 

4l.1l* 
• 1 . 0 * 
•1.0* 
•J.ll* 
•>•!** 
• 1.10 
•ft. *11 
• 1 . 1 ‘* 
.4.0* 

•J.Oft 

-t.m 

•t.oi 
•i.it* 
•.*»* 
•i.to 

•j.i** 
1.10 
.«.)** 
•».»* 
-1.14* 


.Jl.to *„ 

-»»•*** 11 

-*»•**! ii 

•l>t»’l u 

•>*•**1 11 

•ftt.ftO to 

•to.*** to 

-»*•»»! n 

-ft*** 1 ’ tl 

. 11 . 1*1 

• 1T.1»* v 

•J0.**1 t 
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— 4.4TT 
-1.T8I 

-1.1*4 
— *.T|T 
-1.TT6 
•1.811 
—8.114 
•I. Ml 

-I.IM 
•4. Ml 
-1*84* 
-1.1*8 
-i.m 

t.MI 

-1.100 

I.M* 

i.m 

i.m 

i.m 

.1.110 

•*.»** 

-I.IM 

8.1*1 

8.8*1 

I.M* 

1.884 

•8.8*8 


|T.|4I -II 
*1.181 -** 
12.88* -H 

|l. 1*1 -10 

21. IM •>( 

21.4*8 -II 

I4.TTT -*l 

24.81* -I' 

»*.*»* 
M.M1 * 
11.2*8 «* 
21. I** *J 
21.118 -J 
*1.18* * 
28.4M * 

ll.M* -1 

21.411 • 

|T. 1*1 *1 

I8.4M -j 
IT.88T - 
IT.MI - 

•8.1*8 -J 
ll.M* 
28.881 • 
18.8*4 - 

11.1*1 * 
18. Til * 
28.118 • 
24.11* * 

II.MT • 
II.ITI • 
ll.TM « 
IT.MI ' 
II.MT * 
II.ITI < 

n.m ■ 
21.8*8 ' 
n.m 

II.ITI 

21.2*8 

21.211 

IT.IIT 

2T.1T* 

11.111 

11.41* 

24.111 

11.111 

*2.881 

I l«.*T* 

b I4.MI 

I 28.41* 
t Il.ll* 

I 21.411 
I I4.IIT 
1 21.411 

0 II.IM 

1 2*.M0 

1 18.41* 

IT II. •*« 

It M-M* 
14 II.IM 
|l II.MT 

M M.M* 
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*.*»* «\ 

*.**» »!’ 
*.**» 

».«* *>• 
».«* **• 
i.«* Jl* 

».*»» **' 

»».»» •{ 

*e.*i: 

«.»»• *• 
10.10* } 
1.1*0 *! 
n.n* * 

it.*** *! 

u.»»’ * 

>|.» T » * 

18. ‘01 J 

0. tn { 

*.*»» * 

*.»»i 

t.ni 

4.411 ! 

8 . 0*6 

1 . w » 
1.011 
».V‘ 
1 . 1*0 
4.401 
1 . 8*0 
*. 11 * 
4.010 
1.111 
O.OM 

i.oot 

o.oo* 

4.41* 

0.410 

1.010 

00.00k 

n.soo 
11.111 
4.0T1 
*.0*1 
t.oOO 
0 . 10 * 
0.110 
o.iio 
.1.010 
1.110 
4.H1 
t.klt 
1 . 0*1 
i 10 . k >* 

1 l l:X 

1 • *»» 

go 6*^^ 


'JV 1 

ix.m *>*• 
«».«* 

01.111 

11.100 *»»■ 
11.111 -!»■ 
«*.»*0 

01.00* -10 
01.10* 1 

oo.ioi • ; 
16.110 -1* 
10.000 -11 
10.0*0 -1 
14.0*1 -1 

01.000 
06.140 • 

11.010 -1 
01.401 -1 

11.101 
11.100 
1T.00* 
00.010 
11.110 
»*.»*» 
10.101 - 
01.061 
11.011 
oo. *ot 
01.0*0 
18.111 
01.008 
I 11*001 
! 11.100 
tl.OOO 
ll.*»0 

I 00 . 00 * 
10.011 

; it.oii 

* n.in 

; ii.oio 
10 ll.’OO 
kt 0 *. 0 *‘ 

I* 00.11* 

II 11.011 

n 11.001 

*1 ll.on 

u li.o’i 
„ 01.111 

it «*••*» 

| 10 . 1*0 

18 M.W 
lie oi*oo* 
m t*.i*» 

tic 10.000 

i »* i *.*°! 

*|| 0 ». 8 *t 

it* 11.011 

*ei II.OIO 
III n.m 
ti 18.1*0 

111 10*«» 


. 11.110 
. i*.m 
. 11.011 
. 18.011 
. 11 . 1*1 
• 10.011 
. 11.011 
. 14.081 
. 11.801 
- II . * 1 * 

.it. in 

.} 4 . 1 l * 
- 11.001 
- 10 . 1*0 
- 11.111 
. 11.014 
• 8.811 
• 1.111 
• 18 . 1*0 
• 11.110 
-*.«l* 
- 7.101 
• 4.100 
• 4.110 

-a. 1*0 

I - 0.110 

f • l.fll 
■ — 4 . 0*0 

| . 1 . 0*1 

I « 1 « 08 I 

' 0.100 

8 *•*»» 

!l 1 . 1*0 

is -*•>»* 

II - 1 . 0*0 
1 - 1 . 8*0 
! - 8 . 10 * 

, 0.002 

IX *> 00 * 

88 - 0 .**t 

'48 — 4.080 

t*‘ "O’tt, 

121 — 0.041 

18 •••»•* 

oo* -J*!!; 

411 • 0 »’*i 

112 - 12 .*** 
til -Ol.»*t 

■41 — 11.810 

, - 01 . O 0 * 

411 - OO .* 1 * 

1 - 11 . 0*1 

' 1*8 - 00 .«* T 

:*01 - 00.100 

. 8*6 

i its 

B" 

L.m . i *. i ** 


**« & \ * 

*11 IK* t* . 

ill i"* c6 * ! 

i»* \ 

»u 1** » | 

lit 1*0 000 

so* !•*? 

Ill 1 "* o « 

II* 1-0 to 1 

ill T.» CM 1 

II* HO t* 

no i’j •* 1 

||| . 

II* 1 « H ! 

Ill « 

an * 

an tiu ci 
an iw to* 

an coo * 
an on * 
an »** * 
an at* c 
in in to 
m no ooi 
108 «* 5 
tit n* c 

1*0 Ot* CO 

1*0 *"t * 
ioi om c 
100 on to 
in oo* tM 
. in >n tto 
in on cx 
lit in c* 
in I** 8 
in w to. 
toi no eoi 
in in e« 
in i*» •" 

111 11 * t* 

SOS II* ■ 

HI 110 w 

to 11 * tot 

1*1 II* t« 

1*1 no 

to* on «• 

144 «n o 

1*0 t*o to 
n» i” • 

101 L 10 66 

801 HI Ct 
so* sn « 

140 SOI C 
1*1 ttu « 
ttl l.« t 

an ktu ti 
an utu coi 
an M * 
a*o *i| 5 . 
an * L * 5 *. 
a*i toi 

i*i »«* * 


*.n* 1* 

4.0*0 SI* 

1.1*1 »J* 

4 . 10 * |»* 

1.001 **‘ 
1.01* *»< 

I. 400 » 

0.010 }| 

II. OIO «» 

11.100 » 

I. 10* I* 

11.001 | 
O.OM I 

10.101 } 

II. 106 *! 

11.001 1 
n.m ! 
te.oio \ 

o.ooo » 
0.01* I 
6.0*0 I 
1.00* * 
•.no J 
o.m 
*.0*0 
1.1*0 
4.1*0 
4.10* 
4.011 
1.18* 
1 . 1*1 
t.oei 

4.000 
1.180 
0.1*0 
0 . 1*1 
0.1»* 
1.101 
4.001 
0.101 
0.110 
0.008 

11.8*1 

11.000 

- 1.100 

4.0*1 
1.81* 
g.oo* 
1.016 
•e.ooi 
1.101 
1.101 
0.101 
1.10* 
18.018 
I 18.81* 

1 i.eo* 

1.010 

i *•**! 

•* 1.001 


#1.00* -»•• 
IS.*** l\\‘ 

t*.*n “**• 
11.110 - 11 . 
tl.oll -to- 
ll . *00 - 11 - 

11.110 -lo- 
ll.*** •»* 

11.011 •** 
n.on "»• 
11 . 01 * -n 

lo.tn -}j 
81 . 11 * -1 
11.000 -0 
10 . 1*0 •* 
10 . 01 * -I 
10.111 
* 1 . 0*1 
n.on • 
n.in 
11.101 
11 . 10 * 
11.1*1 
ii.no 
ll.m 
10.016 ' 
10.1*1 
10.010 
10.110 
11 . 0*0 
11.100 
at. ioi 
ao.in 
ii .**» 

i M -«* 
n.in 

ti.*** 

I 11 . 0*0 

[ ll.on 

I 10.011 

1 *»••** 
t t*.tn 

* ll.on 

ii I*.* 4 * 

it **.**• 

II lliO *0 
11 . 00 * 

It 11 . 11 * 

1 * 11 . 10 * 

|4 11 . 00 * 

It 11 . 0*1 

11 to.*’* 

li * 0.801 
ill to . »0 
\\l lo.ni 
on to.*** 
Sii n.m 

Sit ii.*** 

410 **-»*• 

8*1 **•”• 
| 4 l to.*** 

1*01 11 . 0*1 


-10. Ill 

-n.m 
-ai.ui 
-11.011 
•n.ni 
•ti.ni . 

•it.*** 

•i*.m 

•14.41* 

-10.001 

-ll.*to 

-n.m 
-11.0*1 
-n.m ' 
•n.on • 
- 18 . 01 * . 
-i.ll* 
-0.111 
•o.m 
-i.tn 

-4.111 

-1.1*8 

•0.180 

-*.*n 

.*.«* 

•0.111 

-4.111 

I -4.110 
| - 1 . U * 

I -1.101 

i -1.101 
1 1.1*1 
1 I.SK 
■ 1 . U * 

1 -1.111 

i -i.m 

It -8.014 
I 0.001 
1 1.00* 

1 I.m 

|f -4.011 

ii - 0.111 

if -4.0*0 
4 * — 4.810 

*e - 4.011 
i*i 

It* -1.011 

IT * •■‘»*» 
tit -10.111 
Itl -11.11* 

ili .11.101 
Sit -11.101 
at* -oo.iii 
\\t -n.in 
in -n**n 

ill •**.*»» 

III -11.11* 

tin -n.m 
tin -i*.«* 

.1*4 “11.0*1 

»*n **»••!! 

l.**» 

Lit ) - 10 . 11 " 
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61* C6 
ii* o 
u* tfc 
u* WJ 
in t* 

«»i t 
m in 
in * 
_Sl* i 
(H Cl 
III to 
Hi till 
ll> t* 
US 6 
I HI* « 

I At* C 
I III Cl 
i III Cl 

i in c 

I III A 
» Cl* t 
I Si* Ot 

| Si* cc 
t ii* on 


v.m 

Mil . 
i.m 
it.m 
(.id 

(.o») 

6.1*1 

t,Ml 

t.11* 

*.n>» 

II.IUI 
II.TPJ 
6. II* 
Mil 
i.Hl 

i. m 

j . tj * 
Mil 
i.no 
t.m 
l.l*» 
).!*) 
6.1)1 


r.i'i 
»i.m: 
h.i» 
sum 
at. *»• 
#*.**• 
ii.m 
i«. vii 

ii.*h 
n. m 
ii. » n 
81.11) 
11.11 1 
|1.)0I 
n.m 
81.1)1 
|i.m 
)}.)♦» 
81. Hi 
8T.l*i 
IT. HI 
81. HI 
8*.6»* 
II . •»» 


• It.H) 

-n. m 

•ii. *ii 
-ii.ii* 
-ii.i’i 
-II. t»* 
-tl.il) 

-it.m 

. |i . i(t 

-ei.H* 
- 81.111 
- I *. 1*3 

-ti.eei 

-ii.ii* 

- 81.681 

- 81 . 66 * 

• 8 ** 11 # 

• 81 . 61 * 

-ir.n* 

•IT .111 
— 86.119 
.| T .4*1 
- 88 . 11 * 


111 61 * * 

111 *1* H 
j»e Blv #9* 
It ; 6*t * 

tin »6(- * 

£18 *11 Cl 

110 *H C 61 
f. l Si* Cl 

111 Si* « 
an si* cc 

8*1 Sl « Btl 
111 II * * 

811 III * . 

n ah *• 

|VJ III t* 
81} II * # 

(14 Hi * 

|U II* C« 
tic All 0 
|11 61* C* 
an ti* * 
gi| 61* Cl 
|V> 61* SC 
216 61* »** 


1.IH 

0.6)1 

#.<**» 

6.«DI 

6.11* 

1.(11 

4.U1 

1.191 

c.ai) 

9.416 
81.81* 
#.*11 
1.101 
6. V 41 
a.r*8 
S.M* 
1.111 
1.166 
#.*66 
8.646 
8.866 
0. 666 
•3.0)1 
-1.818 


86.*** 
II. *H 
81.1)1 
86.611 
( 6. ##1 
81.6)0 
81.818 
8t. lie 
81.3CI 
80.610 
86.811 
86.6*1 
80.6)6 
84.1*8 
8l.*l) 
81.81* 
86. *6* 
86. H* 
SI.H6 
86.8*6 
81.6C1 
*0.1)4 
88.6)6 
88.411 


•1:1.661 

•}|.)*( 

-si.w 

-.16.1H 

•1I.6H 

-11.61) 

-41.11) 

-86.166 

-Jl.Pll 

-46.88) 

•21.111 

—.46.662 

-36.166 

•(8.111 

-38.08* 

-44.11$ 

-86. VA 2 
-20.06? 
■31.681 
•26.811 
•31.911 
-.11.) 10 
-.(1.CH 
-3A.68N 
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. w ith the Kinetic 

above sbrvotnoal ^iee toge^^ „ « 

date present'd 511 S »7-m = 

al. (I 083 * se3j 7 ^ com a. Al* _ 

1 (1976) SMlSMia-JS*--- - aJ _ (1965) Jx 

I ' B ‘ _ r . id; Stauffe, »• •' the subsites 

— of 

- ~ i40 “ £r °” 

interacting w 

p M A tO * 

„ Mid of tbe above residues are 
, Ihe most extensively *-£ ^ .mino acid* were 

G lyl66, GlylM and uithin the s-l subsite. * 

identified as residues vithi ^ S1 

seen in Tig. >■ “^ 69 oc ou P y puaitions at th 

rlvl66 and Giy*** ^ial52 occupies a 

subsite. «£ EU bsite, whereas »»» 

5 bottom of the S ^ clM . to the 

position near the top 

S * r221 ‘ . of Clyl66 and GlylM 

m X. ■— * ci& jZTTZ‘^ * -“-ire 

have been made. As will replace ment ammo acids 

20 r=h foU°“- the on the specific 

for Giyiee and/or ^ticn of a. Given 

amino acid occupymS the 

SUbSt ” te ' f «.1» presently made and 

25 The only substitutions' of W alS2 with Gly 

analyzed comprise ^ substitutions on P 1 

S. s. .tt-— - - — 

30 „ addition to those r«idua. ^““^o a =id 

with specificity for the involved with P-» 

— - ■— ana 
specific 1 ^' 


35 


0251446 


r are «pe«ad to respectively effect P-1’ - 

however, 

_ -i i specif 

P " 1 P . has also been 

taivtic activity of S ^^^utions at Asnl55. 

»• “ d £ single anino « id in rig- «• 

hydoxylate on tn studies s 

^ Crystallographic 42 93-4303, 

, bond- e - el. d 72 > EiaSbSSa - 7120 . 7126i 

, w ^rtvs, S.-- -- 

Matthews, fi£ 1 7 Bi £ l i _ClliI5U 15ft' 1 

loG etal. U 976) formed with wne 

t> a 7 So hydrogen bonds are one. 

Bb „w td - iulscrate e «ine-in 

oxyanion of the catalyti 

5 hydrogen bond donor l- «° ^ l6 tr0 m on? of £ 

main-chain *»«* ^ ** 

ME2 protons o= ~ he 

?ig * 4 ‘ . vLa WP( His, Giu and 

20 . , 55 V as substituted with * ■ ^ investiga te tne 

XS 15 substitutions were *a tetrahedral 

Thr . These substicu charged tecx 

the stabili zation ° . t sta te complex by 

*i ate of the transition chain of 

interraedxat between the These 

25 ^^"ndCCanion of the d " 

particular ■***»££ *«>• “f”d 

substrate turns ;er^ „ ing w (up to 7 ° 

decreases in rts hiUseticn *ned° ^ 

e less in trans^r o£ „ and th 

30 a-o 4.7 xcal/mol. t en zymes useful 

Heat will maxe * i sequences. the nacu 

— ,pec 
which will be 

— > - 


— .r* rsr 
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Various other amino acid residues have been identified 
which affect alkaline stability. In some cases, 
mutants having altered alkaline stability also have 
altered thermal stability. 

5 In 2 amyl oi louef aciens subtil is in residues Asp36, 
Ilel07, Lysl70, Ser204 and Lys213 have been identified 
as residues which upon substitution with a different 
amino acid alter the alkaline stability of the mutated 
enzyme as compared to the precursor enzyme. The 
10 substitution of Asp36 with Ala and the substitution of 
Lysl70 with Glu each resulted in a mutant enzyme 
having a lower alkaline stability as compared to the 
wild type subtilisin. When Ilel07 was substituted 
with val, Ser2 04 .substituted with Cys, Arg or Leu or 
15 Lys213 substituted with Arg, the mutant subtilisin had 
a greater alkaline stability as compared to the wild 
type subtilisin. However, the mutant Ser204P 
demonstrated a decrease in alkaline stability. 

20 In addition, other residues, identified as being 

associated with the modification of other properties 
of subtilisin, also affect alkaline stability. These 
residues include Ser24, Met50, Glul56, Glyl66, Glyl69 
and Tyr217. Specifically the following particular 
25 substitutions result in an increased alkaline 

stability: Ser24C, Met50F, Glyl56Q or S, Glyl66A, H, 

K, n or Qr Glyl69S or A, and Tyr217F, K, R or L. The 
mutant MetSOV, on the other hand, results in a 
decrease in the alkaline stability of the mutant 
30 subtilisin as compared to wild type subtilisin. 

Other residues involved in alkaline stability based on 
the alkaline stability screen include Aspl97 and 
Met222. Particular mutants include Aspl97(R or A) and 
35 Met 222 (all other amino acids). 
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o 4 'ha'** residues have been identified as being 
Various o_be- TeSia,eS „ determined by the . 

involved in thermal s nm residues 

thermal stability screen herein. ff t 

1199 and F21. 

Reid saouence of B. MSylolig yefacie DS 
The amno a - i d by substituting two 

8Ubst.il isin has also ueen modified mi 

. f ^*1 wild-tvpe sequence, six 
or more amino acids of tn- ^ 

m «ltiD r v substituted mutant subtil isin 
categories of multiply -.+ an nries 

< \ f ied e The first two categories 

have been ideivtixxea* 

comprise thermally and orid.tively stehle mu- 

The next three other 

combine the usetul properties of any 
" et * 

last category comprises mutants 
alkaline and/or thermal stability. 

two substitute ^ -5 thermal stability and 

subtilisms with altered A21/C22/C87 

catalytic activity. »,ese mutants incl ' 

and C2VC87 vhich will b. described in mere detail in 

Example 11. 

- vimit-iole subtilisin mutants 
The second category ^ the preS ence of 

comprises mutants aa peroxide or 

various oxidising agents s J thm BU tants 

peracids. Examples 1 and 2 d 
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• *, include F5 ° /Q2 ”' 

^ 222 ,na Ll24/Q222 ' 

„ multiple BUbtilieln Patents 
The third category o titu tions at position 222 

comprises patents with ^ , t p0 ,itions 166 

cophined vith various exanpie# ooabine the 
or 169. These stents ^ ^ ^ BUt ation 

property of oxld ‘^ Bpec ificity of the various 

pith the altered ■>***” P Euch multiple patent. 

166 or 169 suhstltutl • ^ yi66/c22Jj K166/A222, 

include A166/A222, V166/C222. The K166/A222 

K166/C222 » a hoat/KP ratio 

mutant subtil ism, tiM , greater than that of 

ssu patent *. — **- in n ° re 

detail in Example 12. 


20 


25 


30 


35 


. vnvii tide mutants combines 
The fourth “**«“* * 166 (01 u to Q or S) with the 

substitutions at P°* ien 166 . Either of these 

substitution of Lys at p performance upon 

single mutations improve^ ^ ^ acid . when 

substrates with &re com bined, the resulting 

these single »atatl ^or. better than either 

multiple enzyme mutants p 
precursor. See Example 9, 

, vnuitiple mutants contain the 
The fifth category am ino acids of the !• 

substitution of up seguence. These mutants 

which are virtually identide 

have specific properties v ic froro g. 

to the properties ^ froB g. 

} / cheniforsiS- 11x6 -faciens. subtilisin at 87 out 

differs from B. nmY 1 ? 1 ^ multiple mutant 

. amino acids. 
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■«<iar 6ubstr3ts 

F6 „ /S a»/«69/«l 7 «« ” e S Uc b eni£o ra is enzyme- 

specificity end to * l6 probably due to 

,see Example »•) (sl56 , M«> end in 7 ) 

only three of the . “"Urate binding region of 
whi =h are present in «e tnit , w ma*in9 

the enzyme. It 1« ** 87 di fterent ammo acids 

only three changes ou ^ tw0 enzymes, the £• 

between the sequence inverted into an enzyme 

eiylsliaaiasisis “'f s enzyme. 

With properties eihil« to ^ s : ^ include 

Other enzymes F50 /S156/L217 . 

f 50 /Q156/H166/L217 and F50/S 

* multiple mutants includes the 
me Sixth category of nul poaltlon 107 (lie to 

combination of eubE f lys B t position a» «*» 

i v) with the » uiStriU of eubstitutions of position 

Kg, and the oonbinatl ^ ^ Mt elso to all other 
204 (preferably ser lon of bye at position 

amino ecid.) »*» ~ ‘ *^ tan ts which have altered 
213 With R. Other 0156/ K166, CldS/hlfd. 

0 aixaline stability „,i ottS ly identified as having 
S156/K1S«. S156/»l« <P r F50/S156/M69/H1 7 

altered substrate specificity) ^ ^t o£ a . 

‘-^r^isid having P--- “ 

26 “ subtilisin from ^J^f^STon the observed 

PSO/VIOI/RIH was con ‘*” £or the single mutants 

increase in albaline atabiUty^ that the 

E50, Vl» 7 “ 4 **“• increased alhaline o“ bl ^ 

Vltn/KHl mutant , ha eabtilisin. I” tt - 

,0 as compared to the . cml i n . stability 

pe rt icul.r ~-t.^iati ve stability- * 

me individual nutations . “"^“^Une stability 

PSO/VIOVPHI a ' u mutant indicating that 


52- 


0251446 


* 


the increase 
nutation was 


in the alkaline stability due to the F50 
also cumulative. 


Table XV summarizes the 
been made including those 


multiple mutants which have 
not mentioned above. 


LO 


ln addition, based in part on the above results 
substitution at the following residues in 
is expected to produce a nultiple nutant having 
increased theme! and alkaline stability: Seri, 

Metso, IlelO? , G1U156, olyiss, Glyl69, Serioa, bysili, 

Glv215, and Tyr217. 
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nnuble Mutants 

C22/C87 

C24/C87 

V45/V4B 

C49/C94 

C49/C95 

C50/C95 

C50/C110 

F50/I124 

F50/Q222 

I124/Q222 

Q156/D166 

Q156/K166 

Q156/N166 

S156/D166 

S156/K166 

S156/N166 

S156/A169 

A166/A222 

A166/C222 

F166/A222 

F166/C222 

X166/A222 

X166/C222 

V166/A222 

V166/C222 

A169/A222 

A169/A222 

A169/C222 

A21/C22 


TABLE IV 

Triple r Quadruple 

nr Multiple- 

F50/I124/Q222 

F50/L124/Q222 

F50/L124/A222 

A21/C22/C87 

F50/S156/N166/L217 

F50/Q156/N166/L217 

F50/S156/A169/L217 

F50/S156/L217 

F50/Q156/K166/L217 

F50/S156/K166/L217 

F50/Q156/K166/K217 

F50/S156/K166/K217 

F50/V107/R213 

tS153/S156/A158/G159/S160/Al61- 

16 4/1 16 5/S 1 66/A1 69/R17 0 ] 
L204/R213 

R213/204A, E, Q# *** G ' K ' 
V, R, T, P, I, M, T, Y, W 

or H 

V107/R213 


In addition to the 
residues, other aaino 


above identifies amino acid 
acid residues of subtiliein are 
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. . _- 0 -rtant with regard to 

also considered to bo IP . of eoch o£ these 

substrate specificity. ^ pro(Juce changes In the 
resiaues is exp subtilisin. Moreover, 

substrate specifier y resiaues alja among the 

multiple mutations among th llK , expected to 

previously iaentifiea resld substrate 

produce subtilisin mutants having 

spec x f i city • 

particularly ^ant ££ 

«-*• ana beull 5 * ^ 6 pe=ificity of the 

substrate residue', change at 

rro; f rt^,rUstrate^moaeling.ftom 

product inhibitor complexes. . . 

, . p_4 binding. Mutation at this 

Xlel07 is involved in P oiIici ty for the • P-4 

position thus • ho “ 14 ion t0 the observed effect 

substrate »■«"*” nelp7 «»s also identified by 
on alkaline s « oduct inhibitor complexes, 

molecular modeling .fro P 

_ includes the 1**126 residue. 
The S-2 binding bi Bhould therefore affect 

1 Modification at this posi res idue. is believed 

p -2 specificity. M ° r *°^ ^ subtilisin to an .amino 

to be important to convert & should a iso be 

peptidase. ^ ^ ^"^stitution. These resiaues 
modified by appropriate ^ refined model, 

> were identified from from deling studies. 

the three dimensional . t^ctu^ ^ 

* longer side d ‘ « ^ Therefore, binding 

any aide Sbein st the 8 *■ ^ s-lV^V 


T.Trmld be res 
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15 


,„d cleavage would be forced to occur after the amino 
terminal peptide. 

WU135 ' is in the S-4 subsite end if mutated should 
alter substrate specificity for P-4 if nutated. This 
= residue was identified by inspection of the 
three-dimensional structure and modeling based on the 
product inhibitor complex of F222. 

in addition to these sites, specific amino acid 
10 residues within the segments 97-103, 12 ' 5-!29 an 
213-215 are also believed to be important to substrate 

•binding. 

segments 97-103 and 126-129 form an antlparallei bata 
sheet with the main chain of substrate residues P-4 
through P-2. Mutating residues in those regions 
should effect the substrate orientation through mein 
chain (enzyme) - main chain (substrate) interactions 
since the mein chain of these substrate residues do 
not interact with these particular residues wiuhm the 
S-4 through S-2 subsites. 

Within the segment 97-i03, Gly97 and »sp99 may ba 
nutated to alter the position of residues 101-103 
within the segment, changes at these sites bus 
compatible, however. .In 1- 

subtilisin Asp99 stebilizea a turn m the main chai. 
tertiary folding that affects ^»e direction of 
residues 101-103. £. Hnhenlfot niS subtilisin Asp9 , 

functions in an analogous manner. 

in addition to Gly97 and Asp99. Seriol in * sra =“ 

Asp99 in E* hmyi iouefaclens subtilisin o 
rLe ,L chain turn. " 


20 


25 


30 


e-Vr-.nl A *\ter 


a 


•t m 


t n 
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Mutations at G1U103 are also expected te altect the 
101-103 main chain direction. 

. . h ln of Glyl02 interacts with the substrate 
The too acid side chains of substituted amino 

rdds lu are expected tc «****£» 
specificity for the P-3 substrate amino acids. 

m the amino acids within the 127-123 segment are 

considered important to substrate spe c c ^ 

127 is positioned such that it. side chain interact 
tith toe S-l and S— 3 subsites, Uteri* th e reside 
thus should .Iter the specificity for P-l and P3 
residues of the substrate. 

The side chain of Glyl28 comprises a part of both toe 
S-2 and S-4 subsites. Altered specificity for P-2 
.-/therefore would be expected upon mutation. 

Moreover such mutation may convert subtilisin into an 
Moreover, su« rea sons Bubstituticms 0 f 

amino peptidase for tne sam - ASUlt 

L.U126 would be expected to produce that result. 

• a 4 e t ikelv to restrict the 
The Prol29 residue is liKeiy 

A the seouence 126-133, 

conformational freedom of the «* aetErainlng 

- “T” “ 

flexibility thereby broadening the range of bxndxng 
capabilities of such mutants. 

4 = Ttrcfjv* is located within the S-3 
— it? tu "of 0 the amino acids within to. 213-215 
rr ato also considered « be = t to 
^ x. ««^r* 4 ficity. Accordingly# ajx 

*• — * — — * 

this residue. 
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The Tyr214 residue does not interact with substrate 
but is positioned such that it could affect the 
conformation of the hair pin loop 204-217. 

Finally, mutation of the Gly215 residue should affect 
5 the s-3 * subsite, and thereby alter P-3' specificity. 

In addition to the above substitutions of amino acids, 
the insertion or deletion of one or more amino acids 
within the external loop comprising residues 152-172 
10 may also affect specificity. This is because these 

residues may play a role in the "secondary contact 
region" described in the . model of streptomyces 
subtilisin inhibitor complexed with subtilism. 
Hirono, St fil- (19 84) J. Mol. Bio l, ill, 389-413. 
I 5 Thermitase K has a deletion in this region, which 

eliminates several of these "secondary contact" 
residues. In particular, deletion of residues 161 
through 164 is expected to produce a mutant suotilism 
having modified substrate specificity. In addition, a 
20 rearrangement in this area induced by the deletion 

should alter the position of many residues involved in 
substrate binding, ' predominantly at P-1. This, m 
turn, should affect overall activity against 
proteinaceous substrates . 

25 

The effect of deletion of residues 161 through 164 has 
been shown by comparing the activity of the wild type 
(WT) enzyme with a mutant enzyme containing this 
deletion as well as multiple substitutions (i.e., 

30 S153/S156/A158/G159/S160/8161-164/I165/S166/A169/ 

R170) . This produced the following results. 
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WT 

Deletion mutant 


TABLE v_ 

It cat 
50 
8 


1.4x10 


5.0x10 


kcat/Km 

3.6xl0 5 
f 6 1.6xl0 6 


The «T has a heat 6 ^ ^“‘“^"tightar by the 

mutant but substrate bi ^ efficiency ° f the 

' deletion *»*«*• times hi 9 her than the «T 

10 deletion mutant i 
enzyme. 

residues which have yet 
All of these above iden^ 1 ^ inserted into are 

t0 b e substituted, dele 

15 presented in Table VI. 


20 


25 


30 


TABLE VI 

Substitution/Insertion/Deletion 

Residues 


His67 

Leul26 

Leul35 

Gly97 

Asp 9 9 

SerlOI 

Glyl02 

G1U103 

Leul26 

Glyl27 

Glyl28 

Prol29 

Tyr2l4 

Gly215 

Glyl66 

Tyrl67 

Prol6B 


Alal52 
Alai 5 3 

Glyl54 

Asnl55 

Glyl56 

Glyl57 

Glyioo 

Thrl58 

Serl59 

Serial 

Serl62 

Serl63 

Thrl64 

Vall65 

Glyl69 

Lysl70 

Tyrl71 

Prol72 
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The following disclosure is intended to serve as a 
representation of embodiments herein, and should not 
be construed as limiting the scope of this 
application. These specific examples disclose the 
construction of certain of the above identified 
5 mutants. The construction of the other mutants 
however, is apparent from the disclosure herein and 
that presented in EPO Publication No. 0130756. 

All literature citations are expressly incorporated by 
10 reference. 


EXAMPLE 1 


15 


20 


25 


30 


Identification of ? e 3 f ac ^ 222 

Residues of Subtil i sm Q222 and L22 2 

As shown in Figures 6* and «. °^a»i= peracii 

oxidants inaotivate the mutant subtilisins Met222L and 
Met222Q (L222 and Q222) . This example describes t e 
identification of peracid oxidizable sites in these 

mutant subtilisins- 

First, the type of smino acid involved in peracid 

oxidation was determined. Except under drastic 
° _ _ =1 ns7il Chemical 

conditions (Means, G.E., et al. - 

of Proteins. Holden-Day , S.F CA 
pp. 160-162) , organic peracids modify only methionine 
and tryptophan in subtilisin. Difference spectra o 
the enryme over the 250nm to 350nm range «ere 
determined during an inactivation titration employing 
the reagent, diperdodecanoic acid (WDM as oxidant. 
Despite quantitative inectivation of the enzyme, no 
change in absorbance over this wavelength range was 
noted as shown in Figures 7A and 7B indicating that 
tryptophan was not oxidized. Fontana, A. , et al. 


35 (1980) Methods 
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Ksw Yolk i P" 

. ,r Birr ed.) Blsevier, * iuplied 

° £ -thimines 

-xzzzzz -U-. - — * 

it the recombinant subtilisin 

: TO confirm this resul btOT ide tCNBrl both 

Met222F was cleaved with J Dpm . The peptides 

before and after were analyied on high 

resclutio^SDS-pyridine peptide «-• 

1° va s oxidised in the 

Subtilisin «et222F tF222, ^ ^ upended in 

following manner. ^ ^ ^ a nd was added 

g.11 sodium borate P • ai perdodecanoic act 

to a final ccncentration of ^ affective 

15 at 25 mg/ml «« »“ e 30 ppm . The sample was 

active oxygen Binutes .t room temperature 

incubated for at lea o£ j „ Tri. pH 8. 

and then guenche 1,1 concentration of 0.1 » rl • 

buffer to produce a *“*) ^,1 fluoride t»»SF) was 

20 pbB. 8). 3m» PbenylmethyU ^ spplied to a 

added and 2.5 -1 of « te4 in 10 mH sodium 

Pharmacia FD10 column eg ^ ? ^ o£ 10 sodium 

phosphate P* >«;*■ ^ msT uos applied and the eluan 
phosphate P H6.2, 

25 collected. 

. m2 W ere precipitated with 

F222 and DPDA oxidize The samples were 

volumes of acetone « ‘ ~ ^ in 88% formic acrd 

resuspended at 10 mg/ml m eqU al volume of 

30 and allowed to sit for ^ ^ { 

200 mg/ml CKBr » incubated for 2 hours at room 

— »> - ""C .... u 

temperature » . - eE „ e re lyophili« a 

electrophoresis, ^ B ample buf er 


0251446 


10 




-61- 

_ 'en ca. clvcerol and bromophenol 

pyridine , 31 -aDonSO » „ imit es. 

blue) and disassociated at 95 w to. 

T he wete electrophoresed » 

polyacrylamide 9- ^ staine d 

^tTp^acia silver staining technique 
USing n Pt a l. (1981) Electrophoresis 2 

(Sammons, 

135-141) . 

, . £ this experiment are shown in Figure 8. 

The resu treated with CNBr only gives nine 

As can be seen, F222 tre ^ y222 is also 

resolved bands on SPG. 7 and 9 

treated with DPDA prior to cleavage, bands X, 
treated waxn * qreatly increased 

disappear whereas- bands 
in intensity. 


20 


25 


30 


X. order to determine which of the 

effected, eech of the o,Br ^ 

reversed phase HPhC = 
buffer system in both Solves. » l q 

• 1 fnr all HPLC separations was 

B (organic) for- al In all 

triethylamime/trifloroacetic acid ‘ q£ 

* - °-° 5 : .t fa in 

1 -propanol., and the flow rate was 0.5 ml/minn e. 

For H pbC analysis, two infections of 1 mg ensyme 

digest were used dried l mg 

precipitated, washed and dn • 88% 

, were resuspended at 10 mg/m 
samples were r ma /ml CNBr m 88% 

4 *. eaual volume oi 200 mg /mi uwdj. 

formic acid; an equal vo nrote in) . After 

* • *rid was added (5 mg/ml protein), 

formic acid wa , k at room 

incubation for 2 hours in the 7 

temperature, the samples were de.al.ed on 
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cm column of Tris Acryl GF05 coarse resin (IBF, Paras, 

France) equilibrated with 40% solvent B, 60% solvent 
A . 200 ul samples were applied at a flow rate of 1 ml 
a minute and 1.0-1. 2 ml collected by roonitorxng the 
absorbance at 280nra. Prior to injection on the HPLC, 

5 each desalted sample was diluted with 3 volumes of 
solvent A. The samples were injected at 1.0 ml/min (2 
minutes) and the flow then adjusted to 0.5 ml/roin 
(1001 A). After 2 minutes, a linear gradient to 60% B 
at 1.0% B/mir. was initiated. From each 1 mg run, the 
10 pooled peaks were sampled (50ul) and analyzed by gel 
electrophoresis as described above. 

Each polypeptide isolated by reversed phase HPLC was 
further analyzed for homogeneity by SPG. The position 
15 of each peptide on the known gene sequence (Wells, 

J.A. , et al. (1983) Nucleic Acids Res, ,11 7911-7924) 
was obtained through a combination of amino acid 
compositional analysis and, where needed, amino 

terminal sequencing. 

20 

Prior to such analysis the following peptides were to 
rechromatographed. 

1. CNBr peptides from F222 not treated with DPDA. 

25 

Peptide 5 was subjected to two additional reversed 
phase separations. The 10 cm C4 column was 

equilibrated to 80%A/ 20%B and the pooled sample 
applied and washed for 2 minutes. Next an 0.5% ml 
30 B/min gradient was initiated. Fractions from this 

separation were again rerun, this time on the 25 cm C4 
column, and employing 0.05% TEA-TFA in 
acetonitrile / 1 -propano 1 (1:1) for solvent B. The 

gradient was identical to the one just described. 
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.. . A to one additional separation 
*y” was subjected to o 

Peptide X was j e sample was 

•fter the at 0.5ml Min (»»»»'■ 

applied and washed or initiated, 

and a 0.5% ml B/min gradient w 

■a 1 and 9 were rechromatographed in a similar 

peptides 7 and * were , 

a. _ t v e first rerun of peptid 
manner to tne irr= 

rified to homogeneity after 
Peptide 8 was puritieo 

initial separation. 

> 2 . cKBr peptides from DPM Oxidised F222: 

peptides 5 and 6 from aTpeptide 5 

F222 were purif-xed m the sam 
from the untreated enzyme. 

5 .1 analysis was obtained as 

^ino acid ‘^^‘IJ^ino acid, were dried, 
follows, samples • ^ ^ ^ ^ at 106"C for 24 

hydrolysed m vacuo w ^ Vac , The samples were 

hours and then dne in . analyser employing 

!0 analysed on a Beckmann 6300 « 

ninhydrin detection. 


as 


j-ia was obtained 

Amino terminal sequence a l. 

previously described (Hodrxguez, 
anal. Biochenu. Ijj . 1 538-547). 


1 4- r* 




xtt t and Figure 9. 


30 
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10 


TABLE VII 

Amino and COOH terminii of CNBr fragments 


Fragment 

X 

9 

7 

8 

5 ox 
6oX 


Terminus Method 

amino, method 

1, sequence 
51, sequence 
125, sequence 

200, sequence 
1, sequence 
120, composition 


COOH . method 

50, composition 
119, composition 
199, composition 

275, compos it ion 
119, composition 
199, composition 


peptides 5ox and Sox refer to peptides 5 and 6 
15 isolated from CNBr digests of the oxidized protein 
where their respective levels are enhanced. 

From the data in Table VII and the comparison of SPG 
tracks for the oxidized and native protein digests in 
20 Figure 8, it is apparent that (1) Metso is oxidized 
leading to the loss of peptides X and 9 
appearance of ' 5; and (2) Metl24 is also oxidized 
leading to the loss of peptide 7 and the accumulation 
of peptide 6. Thus oxidation of B- amylPllquifsciens 
25 subtilisin with the peracid, diperdocecanoic acid 
leads to the specific oxidation of methionine at 
residues 50 end 124. 

EXAMPLE 2 
30 

Substitution at Met50 and Metl24 
4r> fiubti 1 f c ^ Met222fl - 

The choice of amino acid for substitution at Metso was 
based on the available sequence data for subtilisins 
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from B. l icheniformis (Smith, E.C., et al. (1968) 

.1 pi nl . Chem. 243 . 2184-2191), SjM. (Nedkov, P. , et 

al. (1983) Hoppe Savler's. Z. physiol . Chem, 364. 
1537-1540), B. amvl osacchariticus (Markland, F.S., et 
al. (1967) J. Biol. Chem. 242 5198-5211) and B. 

5 eubtilis (Stahl, M.L., et al. (1984) J. Bacteria l. 
158 , 411-418). In all cases, position 50 is a 
phenylalanine. See Figure 5. Therefore, Phe50 was 
chosen for construction. 

10 position 124, all known subtilisins possess a 

methionine. See Figure 5. Molecular modelling of the 
x-ray derived protein structure was therefore required 
to determine the most probable candidates for 
substitution. From all 19 candidates, isoleucine and 
15 leucine were chosen as the best residues to employ. 
In order to test whether or not modification at one 
site but not both was sufficient to increase oxidative 
stability, all possible combinations were built on the 
Q222 backbone (F50/Q222, I124/Q222 , F50/I124/Q222) . 

20 

A. Construction of. Mutations 
Between codons 45 an d 50 

All manipulations for cassette mutagenesis were 

25 carried out on pS4.5 using methods disclosed in EPO 
Publication No. 0130756 and Wells, J.A., et Al., (1985) 
Gene 34 » 315-323. The pa50 in Fig. 10, line 4, 

mutations was produced using the mutagenesis primer 
shown in Fig. 10, line 6, and employed an approach 
30 designated as restriction-purification which is 
described below. Briefly, a M13 template containing 
the subtilisin gene, M13mpll-SUBT was used for 
heteroduplex synthesis (Adelman, et al (1983) , DNA 2, 
183-193)* Following transfection of JM101 (ATCC 
35 33876), the 1.5 kb EcoRI-BamHI fragment containing the 
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10 


15 


subtilisin «— — the 

into a »^- c ;r described in EPO Publication 

construction of which l „ utiiri t sequence (peso, 

*„. 0130756. TO nn rl =h £° „so digested with 

--arrrrcmes - jzzj : 

^ylcrylamide ^;"uTar S U, and transformed 

vere ligated back to a cl , 144S) . Isolated 

into £• »U « M294 C b Cl reBtr iction analysis fox the 
plasmids were screens * vere sequenced an 

m l site. U0 risks in Figure 11 

confirmed the ps»» se^nc ^ w via type 

indicate the bases (Une 4 , was «t with £_B_ 

sequence (Hn« • fragment containing 

and Eco* 1 and the 0. purified (fragment 1). 

Talf^ the subtilisin gene was P ^ ^ 
page (line 4, was digested half of the 

4 .0 Kb fragment containing ^ y „ pUrit ied 

subtilisln gene and vecto ^ ^ 5) , and duplex 

(fragment 2) • "aqments^ (sh aded 

DU* cassettes cod g d in a molar ratio 

sequence, U- « ‘particular construction 

I.r». respectively - Fnr the P ^ the tr i pl .t 

Cf this example the |» „ phe . This plasmid was 

** for codon E 0 wh-h subtilisin was designated 

25 designated PF50. Them 


20 


B. 


30 


construction of ^tatic^, 

^otueen 


. V &6 follO wed in 

Tbs procedure of the mutagenesis primer 

substantial detail except * ^ „d restrictio - 

of Figure U, dte in pal» — 

purification for the £- sequence, F: 

— the DNA cassette k 


Mi 
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11 line 6) contained the triplet ATT for coden 124 
“U encodee lie end CTT tor l*u. Thoee »»*“ 
Tich conteined the substitution of He for Metlf.were 
designated P I124. The mutant eubtllle n 
designated 1124. 


10 


15 


20 


25 


C. construction of Various 

■p«in l /Ti24/p222 Mul +'r' 1 * Mutants 

The triple mutant, F50/X124/Q222, was constructed from 
a three-way ligation in which each fragment contained 
one of the three mutations. The single mutant 0222 
(P0222) was prepared hy cassette mutagenesis as 
described in EPO plication Ho. 0130766. The P5 
mutation was' contained on a 2.2Kb 4yaH “ — - 

fragment from pF50; the 1124 mutation was contained 
a 260 bp EvuH to avail fragment from pI124: and 
0222 mutation was contained on 2.7 Kb iyall t ° -2d 
fragment from PQ222. The three fragments were ligated 
together and transformed into E* £=li “11- 

Restriction analysis of plasmids from isolated 
transformants confirmed the construction. *• «l£ 
the final construction it was convenient that the 
wall site at position 796 in the wild-type subtiiism 
gene was eliminated by the 1124 construction. 

The F50/Q222 and 1124/0222 mutants were constructed in 
a similar manner except that the appropna e ra 
from pS4.5 was used for the final construction. 


30 


d. staHUtv of o??? Hytant s 

The above mutants were analysed for stability 
peracid oxidation. As shown in Fig. 12. 

incubation with diperdodecanoic acid <pro e n mg , 
oxidant 75ppmt0,>, both the 1124/0222 and the 
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■> /0222 are completely stable whereas the 

F50/I124/Q22 inactivated. This indicates 

F50/Q222 and th Q subtilisin Q222 

conversion of Ketl24 to 1124 in suorn 
that converbiu. oroanic peracid 

u sufficient to confer resistance to organ 

oxidants . 


vy&MPLE 3 


10 


15 


cnkt.il isin Mutants Having 

«^3£8ZS£S^ 

— r 6 r " :: 
srs ^ — -*- 1 . ^ 

acids which can project their siae- = into ^1 

^effect- changes in sire an, hydrophohicity on 
the binding of various substrates. 


20 


25 


30 


h. KineticsforRyhrolysi.^of ^Substrates 

8 mH 11 i^T-TI ° ■eumllauefasiess. 

Wild-tvpe subtilisin was purified from £• SMfeilllS 
culture supernatants expressing the 1. - V 1 ^ 

enHi-tiisin gene (Wells, J.A., et 41- 
USXS f \- 7 *es 11, 7911-7925) as previously 

n uc lei g icids __Ess. J_. Bioi. cha u 

6518-6521) • having the for* 

tetrapeptide ProL - [X l-p-nitroanilide (where X 

succinyl-l -^“^^'^rihed hy DelHar, ..... 
U th ; nlocheo. 21, 318-120. Kinetic 

St fil* ( 1979) m 7 v^.trs' h were measured using a 
parameters, Km(M> and *cat(s ) wer ^ ^ 

modified progress ““^“gsax, . Briefly, plots 

(1985) -t. Biol- Chera. 2§2.i 
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o£ r ate «««» product concentration were fit to the 

° i r nf the rate equation using a 

Ai -Ffprential form or tne ia '" ^ . 

. « Errors in Kcst snd. 

non-linear regression algorithm. Errors 

non lme g . are less than five percent. 

Km for all values reported are ies 

The various substrates in Table VIII are ranged rn 
order of decreasing hydrophobicity. Nozakr. ». 

U971), d^Biol^ChSEr Ui> 2211 ‘ 2217! C ’ 

n 978) Science 200 , 1012). 


10 


15 


20 


TABLE VIII 


Pi substrate 
amino Acid 


kcat (S 



kcat/Km 
1 /Km(M (s- M-l_) 


Phe 

50 

Tyr 

2B 

Leu 

24 

Met 

13 

His 

7.9 

Ala 

1.9 

Gly 

0.003 

Gin 

3.2 

Ser 

2.8 

Glu 

0.54 


7,100 

360,000 

40,000 

1,100,000 

3,100 

75,000 

9,400 

120,000 

1,600 

13,000 

5,500 

11,000 

8,300 

21 

2,200 

7,100 

1,500 

4,200 

32 

16 


25 


30 


The ratio of kcat/Km (also referred to as catal * 

ff ientv) is the apparent second order rate cons 
efflCienty) IS une „„t,o 4 "r*i*e (E+S) 

for the conversion of free enzyme plus ^ 
to enzyme plus products (EtP) ^ ^ ’ „ 6S) w . 

'“re 4 Mechanism 
321 -43 6! Fersht. * V J* T £ 226 -^7T^T^ 

(Freeman, San Francr , ^ st ate binding 

(kcat/Km) is proportional to transi 
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30 


, „ G !* A plot of the 1°9 kcat/Km versus the 

-r” "irr. 

i-He glycine substrate wnxcn , 

non-productive binding. These data show that relative 
^ferences between transition-state binding energies 
^n be accounted for by differences in 9-1 side-chain 
hydrophobicity. When the transition-state binding 

energies are calculated for these substrates and 
plotted versus their respective side-chain 
hydrophobicities, the line slope is 1.2 (not shown). 
r 6lop e greater than unity, as is also the case for 
P \ ivarx * t A. . F— V"» structure — and 

chymotrypsin (Fersht, a. , . ” 1177771 

Mechanism (Freeman, San Francisco, 1977) pp. 226 297, 
Harper, j.w., et *1. (1984) mgchfmrtn t. 2i. 

^ 995 - 3002 ) , suggests that the Pi binding cleft is more 
hydrophobic than ethanol or dioxane solvents that were 
need to empirically determine the hydrophobicity of 
amino acids (Hoz.ki, Y., Si Si- PlOl, Cte -x ( > 

21£, 2211-22171 Tanford, c. (1978) SS19BES 2SS. 10121 ' 

For amide hydrolysis by subtilisin, ** 

interpreted as the- acylation rate constant and Km as 
the dissociation constant, for the Michaelis C °»P 
(E .S), Si. Gutfreund, H., ei si (1956) liocbe*^ 

656. The fact that the log kcat, as well as 
correlates with substrate hydrophobicity is cons ^ 
with proposals (Kobertus, J.D., St *-• < 

n, noh emistrv 11, 2439-2449, Kobertus, 3.D., St _• 

fHochemlstrY 11, 4293-4303) that during the 

acylation~~step^he P-1 side-chain moves deeper into 

the^ hydrophobic cleft as the substrate advance, from 
tne tetrahedral 

the Michaelis comp e • these data 

transition-state complex (E-S ). Ho , 

can also be interpreted a. the hydrophobicity of the 
PI Side-Chain effecting the orientation, and thus the 
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Busceptibility of the eciseile peptide bond to 
nucleophilic attack by the hydroxyl group of the 

catalytic Ser221. 

The dependence of kcat/Xia on P-1 side chain 
5 hydrophobicity suggested that the kcat/Km for 
hydrophobic substrates may be increased by increasing 
the hydrophobicity of the S-l binding subsite. To 
test this hypothesis, hydrophobic amino acid 
substitutions of Glyl66 were produced. 

10 

Since hydrophobicity of aliphatic side-chains is 
directly proportional to side-chain surface area 
(Rose, G.D. , et al. (1985) Scien ce 229, 834-838; 

Reynolds, J.A.,' et al. (1974) Pror Natl. Acad. Sc j^ 
15 ESA 71, 2825-2927), increasing the hydrophobicity m 
the S-l subsite may also sterically hinder binding of 
larger substrates. Because of difficulties in 
predicting the relative importance of these two 
opposing effects, we elected to generate twelve 
20 non-charged mutations at position 166 to determine the 
resulting specificities against non-charged substrates 
of varied size and hydrophobicity. 


25 Cassette Hutagenesis of 

l-he PI Bi ding Cleft 

The preparation of mutant subtilisims containing the 
substitution of the hydrophobic amino acids Ala, Val 
and Phe into residue 166 has been described in EPO 
30 Publication No. 0130756. The same method was used to 
produce the remaining hydrophobic mutants at residue 
166. in applying this method, two unique and silent 
restriction sites were introduced in the subtilxsm 
genes to closely flank the target codon 166. As can 
be seen in Figure 13, the wild type sequence (lme 1) 


35 


0251 446 


xo 


15 


20 


-72- 

„ „ C ,fe-directed BUt. 9 en.sls in *13 using 
vas altered by site dir . r t0 introduce a 

the indicated 31mer "ut.genes ^ gagl and 

13 bp deleetion (dasbe closely flank oodon 

sites (underlined sequences) C ^® C * loa9& baC * 

-• *“ aUb \ 1U£l B n r; t i"tle plasmid, pBSll, 

into the £• coil 8 - «&-_ - ^ ^ llne 2) . pal 66 
giving the plasm* P^ ^ ^ „ a gapped linear 
was cut open wi h 13| line 3 ). P° ols of 

molecules were ^ rl £ ^ conta ining the nutation of 
synthetic oligonuc duplex DNA cassettes 

invest were annealed ^Uned and 

that were ligated u n e 4). This 

everlined sequences * seguenc. except over 
construction «stored sequences were 

position ^'^“e^ncing. Asterisks denote 
confirmed by di xy wild type sequence, 

sequence changes from ^ g> quef aciens 

Plasmids containing “ B t r0U ghly equivalent 

subtiliein strain of 8 * »»UU. 

levels in a protease defic publication Ho. 

BG2036 as piously d.scrib^ M) BP^^ ^ 

0130756 ; Yang, M., — at |T . Chenu 215* 

15-21; Estell, D»Ae , £_ a_ 

6518-6521. 


«• ssaisss^^- 

TO probe the change in 166 

steric alterations in versus PI substrates 

mutants were kinetically ana ^ ^ phe and Tyr) . 

Cf increasing « « ‘ ' pre8Cnted in log fo» 1" 

Ratios of heat/ comparisons of transition- 

Pigure 15 to allow dir ^ various enzyme- 

state binding energies 
substrate pairs. 
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„ to transition state theory, the free enery 
According to transitio B ubstrate 

difference between the free enzym P ^ be 

(E + S) and the transition state comp 
calculated from equation (1) , 

(1) h A - -W in k«t/KB + RT in KT/h 

in which heat is the turnover » lB 

Michaelis constant, R is the gas constant, 
temperature , k is Boltsmann's constant, and h is 
Planck's constant. Specificity differences are 

. datively as differences between 
ezpressed guantitati y f . aaG £) , and 

transition state binding energies (i.e., t> 
can be calculated from equation (2). 


15 


20 


25 


( 2 ) 


LL G f m _ RT in (kcat/Km) A /(kcat/Km) B 


30 


a and B represent either two different substrates 
A and B rep r two mutant enzymes 

assayed againt the same enzyme, or two 

assayed against the same substrate. 

* nan be seen from Figure 15A, as the size of the 

irr; ““position r: 

preference shifts from arg osit i on 166 causes 

Enlarging the side-chain * ^ of the 

kcat/Km to decrease in proportion to th. ^ 

p -1 substrate side-chain (e.g., *v e Tvr 

( wild-type) through cT/der » the 

substrate is decreased most folio 
Phe, Met and Ala P-1 substrates) . 

Specific steric changes in «» ^"^“roup! 

side-chain, such as he presence in 

o «r ■» -aliphatic branching, cause large decre 

7 _ P larDer pi substrates. Introducing a 

kcat/Km for larg (Figure 15A) to 

, -hydroxyl group in going from A16« <»9» 
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S166 (Figure 15B) , causes an 8 fold and 4 fold 
reduction in kcat/Rm for Phe and Tyr substrates , 
respectively, while the values for Ala and Met 
substrates are unchanged. producing a ^-branched 
structure, in going from S166 to T166, results in a 
drop of 14 and 4 fold in kcat/Km for Phe and Tyr, 
respectively. These differences are slightly 
magnified for V166 which is slightly larger and 
isosteric with T166. Enlarging the ^-branched 
substituents from VI 66 to 1166 causes a lowering of 
kcat/Km between two and six fold toward Met, Phe and 
Tyr substrates. Inserting a 7 -branched structure, by 
replacing M166 (Figure 15A) with L166 (Figure 15B) , 
produces a 5 fold and IB fold decrease in kcat/Km for 
Phe and Tyr substrates, respectively. Aliphatic 
7 -branched appears to induce less stenc hindrance 
toward the Phe P-1 substrate than 0 -branching, as 
evidenced by the 100 fold decrease in kcat/Km for the 
Phe substrate in going from L166 to 1166. 

Reductions in kcat/Km resulting from increases in side 
chain size in the S-l subsite, or specific structural 
features such as p- and 7 -branching, are quantita- 
tively illustrated in Figure 16. The kcat/Km values 
for the position 166 mutants determined for the Ala, 
Met, Phe, and Tyr P-I substrates (top panel through 
bottom panel , respectively) , are plotted versus the 
position 166 side-chain volumes (Chothia, C. (1984) 
■ f Tm- Biochem. 53, 537-572). Catalytic efficiency 
for the Ala substrate reaches a maximum for 1166, and 
for the Met substrate it reaches a. maximum between 
V166 and L166. The Phe substrate shows a broad 
kcat/Km peak but is optimal with A166. Here, the 
£ -branched position 166 substitutions form a line that 
is parallel to, but roughly 50 fold lower in kcat/Km 
than side-chains of similar size [i.e., C166 versus 
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T166, L166 versus 1166]. The Tyr substrate is most 
efficiently utilized by wild type enzyme (Glyl 66 ) , and 
there is a steady decrease as one proceeds to large 
position 166 side-chains. The ^-branched and 
7 -branched substitutions form a parallel line below 
5 the other non-charged substitutions of similar 
molecular volume. 

The optimal substitution at position 166 decreases in 
volume with increasing volume of the Pi substrate 
10 [*■«•# 1166/Ala substrate, L166/Met substrate, 

A166/Phe substrate, Glyl 66 /Tyr substrate]. The 
combined volumes for these optimal pairs may 

approximate the volume for productive binding in the 
s-l subsite. - For the optimal pairs, Glyl 66 /Tyr 

15 substrate, A166/Phe substrate, L16 6/Met substrate, 

Vl 6 6 /Met substrate, and 1166/Ala substrate, the 
combined volumes are 266,295,313,339 and 261 A 3 , 

respectively. Subtracting the volume of the peptide 
backbone from each pair (i.e., two times the volume of 
20 glycine) , an average side-chain volume of 160±32A 3 for 
productive binding can be calculated. 

The effect of volume, in excess to ..the productive 
binding volume, on the drop in transition-state 
25 binding energy can be estimated from the Tyr substrate 
curve (bottom panel, Figure 16), because these data, 
and modeling studies (Figure 2 ) , suggest that any 
substitution beyond glycine causes steric repulsion. 

A best-fit line drawn to all the data (r = 0.87) gives 
30 a slope indicating a loss of roughly 3 kcal/mol in 
transition state binding energy per 100A 3 of excess 
volume. (100A is approximately the size of a leucyl 
side-chain.) 
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15 


20 


D - corTelate^wit^Increasing^Hydrophobicity 

+v>p Po sition 166 Substitute 

i_ vcat/Km occur with 

rcr « - e ;::r tiOT ». 

_ Tvr P-1 substrate (Figure 16). Tor examp , 
the Tyr , -fr-om Glvl66 to 1166 

Tr'z «***« , fr ° mGiyi “ 

to ^ ~ r - trr r:r:" 

TtZ 66 Is ZJZ.T in *=.V» cannot be 
Entirely explained by the attractive teros ^ ™ 

der Waals potential energy function because of 

der Waals p (1/r 6 ) and because of the 

strong distance dependence i*/‘ i 

strong ai attractive forces (Jencks, W.P., 

veahnatu reof^eee^ttract 1 ^^ (McSr aw-Hill , 

1969) pp. 321-436; Fersht, A., rniHT- Ct "’ CtUre _ g^ 
Ms£feaaiss (Freeman, San 

7 ZHZ v (1976) T wnl. Biol»- 10k, 59-107). 

■mole Levitt (Levitt, Me (1976) .7. Mol. Bio l^ 1M- 
“To ' Re calculated that the van aer Waals 
attraction between two wethlonyl residues would 
produce a maxinal interaction energy of ~ughly • 
Lal/nol. Thi. energy would translate to only 1. 

fold increase in kcat/Km . 

, «« of catalytic efficiency caused by 

The increases of cat yr better 

side-chain ^the hydrop hobicity of 

reT-l sIsite The increase Xcat/Ka observed for 

- - “-r "l/t “ ^because 

aurface area (Bose. G. .. _ Esc^JUlU 

834-838; Reynolds, J.A., £k — 

Sci. PSA 71, 2825-2927) . 
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Another example that can be interpreted as a 
hydrophobic effect is seen when comparing kcat/Km for 
isosteric substitutions that differ in hydrophobicity 
such as S166 and C166 (Figure 16) . Cysteine is 
considerably more hydrophobic than serine (-1.0 versus 
+0.3 kcal/mol) (Nozaki, Y., et ^1. (1971) J. Biol. 
Chem. 246 . 2211-2217; Tanford, C. (1978) Science 200 . 
1012) . The difference in hydrophobicity. correlates 
with the observation that C166 becomes more efficient 
relative to Serl66 as the hydrophobicity of the 
substrates increases (i.e., Ala < Met < Tye < Phe) . 
Steric hindrance cannot explain these differences 
because serine i6 considerably smaller than cysteine 

3 

(99 versus 118A ). Paul, I.C., Chemistry of the -SH 
Group (ed. S. 'Patai, Wiley Interscience, New York, 
1974) pp. 111-149. 


E. Production of an Elastase-Like 
Specificity in Subtilisin 

The 1166 mutation illustrates particularly well that 
large changes in specificity can be produced by 
altering the ■ structure and hydrophobicity of the S-l 
subsite by a single mutation (Figure 17) . Progressing 
through the small hydrophobic substrates, a maximal 
specificity improvement over wild type occurs for the 
Val substrate (16 fold in kcat/Km) . As the substrate 
side chain size increases, these enhancements shrink 
to near unity (i.e.. Leu and His substrates). The 
1166 enzyme becomes poorer against larger aromatic 
substrates of increasing size (e.g. , 1166 is over 
1,000 fold worse against the Tyr substrate than is 
Glyl66) . We interpret the increase in catalytic 
efficiency toward the small hydrophobic substrates for 
1166 compared to Glyl66 to the greater hydrophobicity 
of isoluecine (i.e., -1.8 kcal/mol versus 0). Nozaki, 
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Y. t et al. (1971) J- Biol^ Chero. 246, 2211-2217; 

Tanford, C. (1978) Science 200, 1012. The decrease in 
catalytic efficiency toward the very large substrates 
for 1166 versus Glyl66 is attributed to steric 
repulsion. 

5 

The specificity differences between Glyl66 and 1166 
are similar to the specificity differences between 
chymotrypsin and the evolutionary relative, elastase 
(Harper, J.W., et al (1984) Biochemist ry 21 , 

10 2995-3002) . In elastase, the bulky amino acids, Thr 

and Val, block access to the P-1 binding site for 
large hydrophobic substrates that are preferred by 
chymotrypsin. In addition, the catalytic efficiencies 
toward small hydrophobic substrates are greater for 
15 elastase than for chymotrypsin as we obeseve for 1166 
versus Glyl66 in subtil is in • 

EXAMPLE 4 


20 substitution of Ionic Amino 
acids for Glvl66 : 

The construction- of subtilisin mutants containing the 
substitution of the ionic amino acids Asp, Asn, Gin, 
Lys and Ang are disclosed in EPO Publication No. 
25 0130756. The present example describes the 

construction of the mutant subtilisin containing Glu 
at position 166 (E166) and presents substrate 

specificity data on these mutants. Further, data on 
position 166 and 156 single and double mutants is 
30 presented infra . 

pa 166, described in Example 3, was digested with SacI 
and Xmal. The double strand DNA cassette (underlined 
and overlined) of line 4 in Figure 13 contained the 
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triplet GAA for the codon 166 to encode the 
replacement of Glu for Glyl66. This mutant plasmid 
designated pQ166 vas propagated in BG2036 as 
described. This mutant subtil is in, together with the 
other mutants containing ionic substituent amino acids 
at residue 166, were isolated as described and further 
analyzed for variations in substrate specificity. 

Each of these mutants was analyzed with the 
tetrapeptide substrates, succinyl-L-AlaL-AlaProL-X- 
-p-nitroanilide, where X was Phe, Ala and Glu. 

The results of this analysis are shown in Table IX. 

TABLE IX 


P-1 Substrate 
(kcat/Km x 10~ 4 ) 


Position 166 


Phe 

Ala 

Glu 

Gly 

(wild type) 


36.0 

1.4 

0.002 

Asp 

(D) 


0.5 

0.4 

<0.001 

Glu 

(E) 

- 

3.5 

0.4 

<0.001 

Asn 

(N) 


18.0 

1.2 

0.004 

Gin 

(Q) 


57.0 

2.6 

0.002 

Lys 

(K) 


52.0 

2.8 

1.2 

Arg 

(R) 


42.0 

5.0 

0.08 


These results indicate that charged amino acid 
substitutions at Glyl66 have improved catalytic 
efficiencies (kcat/Km) for oppositely charged P-1 
substrates (as much as 500 fold) and poorer catalytic 
efficiency for like charged P-1 substrates. 
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EXAMPLE 5 


c^cf.itution of G lvcine at Position 1,62 
The substitution of Glyl69 in J|. amyl 01 i^uofflci en s 
subtil is in with Ala and Ser is described in EPO 
Publication No. 0130756. The same method was used to 
ma3ce the remaining 17 mutants containing all other 
substituent amino acids for position 169. 


The construction protocol is summarized in Figure 18. 
The overscored and underscored double stranded DNA 
cassettes used contained the following triplet 
encoding the substitution of the indicated amino acid 
at residue 169. 


GCT 

A 


ATG 

M 

TGT 

C 


AAC 

N 

GAT 

D 


CCT 

P 

GAA 

E 


CAA 

Q 

TTC 

F 


AGA 

R 

GGC 

G 


AGC 

S 

CAC 

H 


ACA 

T 

ATC 

I 


GTT 

V 

AAA 

K 


TGG 

W 

CTT 

L 


TAC 

Y 

Each of the plasmids containing a substituted Glyl69 
was designated pX169, where X represents the 
substituent amino acid. The mutant subtilisins were 


simi airly designated. 

Two of the above mutant sub til is ins, A169 and S169, 
were analyzed for substrate specificity against 
synthetic substrates containing Phe, Leu, Ala and Arg 
in the P-1 position. The following results are shown 

in Table X. 


0251446 

TABLE X 

Effect of Serine and Alanine Mutations 
at Position 169 on P-1 Substrate Specificity 

P-1 Substrate fkcat/Km x 10 4 ) 


Position 169 

phe-' 

Leu 

Ala 

Arg 

Gly (wild type) 

40 

10 

1 

0.4 

A169 

120 

20 

1 

0.9 

S169 

50 

10 

1 

0.6 


These results indicate that substitutions of Ala and 
Ser at Glyl69 have remarkably similar catalytic 
efficiencies against a range of P-1 substrates 
compared to their position 166 counterparts . This is 
probably because position 169 is at the bottom of the 
P-1 specificity subsite. 

EXAMPLE 6 


Substitution at Position 104 

Tyrl04 has been substituted with Ala, His, Leu, Met 
and Ser. The method used was a modification of the 
site directed mutagenesis method. According to the 
protocol of Figure 19, a primer (shaded in line 4) 
introduced a unique Hind lll site and a frame shift 
mutation at codon 104 . Restriction-purification for 
the unique Hindlll site facilitated the isolation of 
the mutant sequence (line 4). Restriction-selection 
against this Hind lll site using pimers in line 5 was 
used to obtain position 104 mutants. 
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10 


15 


The following triplets were used in the 
Fioure 19, line 5 for the 104 codon which 

primers of 
substituted 

the 

following 

amino acids. 








GCT 

A 



TTC 


F 



ATG 

M 



CCT 


P 



CTT 

L 



ACA 


T 



AGC 

S 



TGG 


W 



CAC 

H 



TAC 


Y 



CAA 

Q 



GTT 


V 



GAA 

E 



AGA 


R 



GGC 

G 



AAC 


N 



ATC 

I 



GAT 


D 



AAA 

K 



TGT 


C 


The 

substrates in Table 

XI 

were 

used 

to 

analyze 

the 


substrate specificity of these mutants. The results 
obtained fo H104 subtilisin are shown in Table XI. 


TABLE XI 


keat Km Kfcat/Kn 


Substrate 

sAAPFpNA 

wr 

Hi 04 

WT 

H104 

WT 

H104 

50.0 

22.0 

1.4x10 4 

J| 

7.1xl0~ 4 

o 

3.6xl0 5 

A 

3.1xl0 4 

3 

sAAPApNA 

3.2 

2.0 

2.3x10“* 

4 

1.9x10 J 

1.4x10 

lxlO- 5 

4 

sEAEFpNA 

26.0 

38.0 

1.8x10 

4.1x10 * 

A 

1.5x10 

9.1x10 

4 

sFAEApNA. 

0.32 

2.4 

7.3xl0“ 5 

1.5x10 

4. 4x1c 5 

1.6x10* 


30 

From these data it is clear that the substitution of 
His for Tyr at position 104 produces an enzyme which 
is more efficient (higher kcat/Km) when Phe is at the 
p-4 substrate position than when Ala is at the P-4 
substrate position. 
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EXAMPLE 7 


substitution of Alal52 

Alal52 has been substituted by Gly and Ser to 
5 determine the effect of such substitutions on 
substrate specificity. 

The wild type DNA sequence was mutated by the 
V152/P153 primer (Figure 20, line 4) using the above 
10 restriction-purification approach for the new Kpnl 
site. Other mutant primers (shaded sequences Figure 
20? S152 , line 5 and G152, line 6) mutated the new 
Kpn l site away and such mutants were isolated using 
the restriction— selection procedure as described above 
15 for loss of the Kon l site. 

The results of these substitutions for the above 
synthetic substrates containing the P—1 amino acids 
Phe, Leu and Ala are shown in Table XII. 




- 

TABLE 

XII 




I 

J -1 Substrate 





-A 




(kcat/KmxlO ) 

Position 152 


Phe 

Leu Ala 

Gly 

(G) 


0.2 

0.4 <0.04 

Ala 

(wild type) 


40.0 

10.0 1.0 

Ser 

(S) 


1.0 

0.5 • 0.2 


These results indicate that, in contrast to positions 
166 and 169, replacement of Alal52 with Ser or Gly 
35 causes a dramatic reduction in catalytic efficiencies 
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across all substrates tested. This suggests Alal52, 
at the top of the S-l subsite, may be the optimal 
amino acid because Ser and Gly are homologous Ala 
substitutes . 


5 

EXAMPLE 8 

Substitution at Posit ion 156 

Mutants containing the substitution of Ser and Gin for 
10 Glul56 have been constructed according to the overall 
method depicted in Figure 21. This method was 
designed to facilitate the construciton of multiple 
mutants at position 156 and 166 as will be described 
hereinafter. However, by regenerating the wild type 
15 Glyl66, single mutations at Glul56 were obtained. 

The plasmid pal66 is already depicted in line 2 of 
Figure 13 • The synthetic oligonucleotides at the top 
right of Figure 21 represent the same DNA cassettes 
20 depicted in line 4 of Figure 13. The plasmid pl66 in 
Figure 21 thus represents the mutant plasmids of 
Examples 3 and 4. In this particular example, pl66 
contains the wild type Glyl66. 

25 Construction of position 156 single mutants were 

prepared by ligation of the three fragments (1—3) 
indicated at the bottom of Figure 21. Fragment 3, 
containing the carboxy— terminal portion of the 

subtilisin gene including the- wild type position 166 
30 codon, was isolated as a 610 bp Sac l — BamH I .fragment. 
Fragment 1 contained the vector sequences, as well as 
the amino-terminal sequences of the subtilisin gene 
through codon 151. To produce fragment 1, a unique 
Kpn l site at codon 152 was introduced into the wild 
35 type subtilisin sequence from pS4.5. site-directed 


85- 


0251446 


10 


15 


20 


25 


30 


mutagenesis in M13 employed a primer having the 

sequence 5 ’ -TA-GTC-GTT-GCG-GTA-CCC-GGT-AAC-GAA-3 ' to 

produce the mutation. Enrichment for the mutant 
sequence was accomplished by restriction with B2H 1 * 
purification and self ligation. The mutant sequence 
containing the Kpnl site was confirmed by direct 
plasmid sequencing to give pV152. pV152 (-1 , 9 ) was 

digested with Beni and treated with 2 units of DNA 
polymerase I large fragment (Klenow fragment from 
Boeringer-Mannheim) plus 50 mM deoxynucleotide 

triphosphates at 37 *C for 30 min. This created a 
blunt end that terminated with codon 151. The DNA was 
extracted with 1:1 volumes phenol and CHCl^ and DNA in 
the aqueous phase was precipitated by addition of 0.1 
volumes 5H ammonium acetate and two volumes ethanol. 
After centrifugation and washing the DNA pellet with 
70% ethanol, the DNA was lyophilized. DNA was 
digested with BamHI and the 4.6Jcb piece (fragment 1) 
was purified by acrylamide gel electrophoresis 

followed by electroelution. Fragment 2 was a. duplex 
synthetic DNA cassette which when ligated with 
fragments 1 and 3 properly restored the coding 
sequence except at codon 156. The top strand was 
synthesized to contain a glutamine codon, and the 
complementary bottom strand coded for serine at 156. 
Ligation of heterophosphorylated cassettes leads to a 
large and favorable bias for the phosphorylated over 
the non-phosphorylated oligonucleotide sequence m the 
final Begrated plasmid product. Therefore, to obtain 
Q156 the top strand was phosphorylated, and annealed 
to the non-phosphorylated bottom strand prior to 
ligation. Similarly, to obtain S156 the bottom strand 
was phosphorylated and annealed to the 
non-phosphorylated top strand. Mutant sequences were 
isolated after ligation and transformation,- and were 
confirmed by restriction analysis and DNA sequencing 
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as before. To express variant subtilisins, plasmids 
were transformed into a subti lis in-neutral protease 
deletion mutant of subtilis, BG2036, as previously 
described. Cultures were fermented in shake flasks 
for 24 h at 37 *C in LB media containing 12.5 mg/mL 
chloramphenicol and subtilisin was purified from 
, culture supernatants as described. Purity of 
subtilisin was greater than 95% as judged by SDS PAGE. 

These mutant plasmids designated pS156 and pQ156 and 
mutant subtilisins designated S156 and Q156 were 
analyzed with the above synthetic substrates where P-1 
comprised the amino acids Glu, Gin, Met and Lys. The 
results of this analyses are presented in Example 9. 


15 


EXAMPLE _9. 


20 


25 


30 


Multiple Mutants With Altered 
Substrate Specificity - Substitution 
Positions 156 and 166 


Single substitutions of position 166 are described in 
Examples 3 and 4. Example 8 describes single 
substitutions at position 156 as well as the protocol 
of Figure 21 whereby various double mutants comprising 
the substitution of various amino acids at positions 
156 and 166 can be made. This example describes the 
construction and substrate specificity of subtilisin 
containing substitutions at position 156 and 166 and 
summarizes some of the data for single and double 
mutants at positions 156 and 166 with various 

substrates . 


X166 is a common replacement amino acid in the 156/166 
mutants described herein. The replacement of Lys for 
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Glyl66 was achieved by using the synthetic DNA 
cassette at the top right of Figure 21 which contained 
the triplet AAA for NNN. This produced fragment 2 
with Lys substituting for Glyl66. 

The 156 substituents were Gin and Ser . The Gin and 
Ser substitutions at Glyl56 are contained within 
fragment 3 (bottom right Figure 21). 

The multiple mutants were produced by combining 
fragments 1, 2 and 3 as described in Example 8. The 
mutants Q156/K166 and S156/K166 were selectively 
generated by differential phosphorylation as 
described. Alternatively, the double 156/166 mutants, 
c.f. Q156/K166 and S156/K166, were prepared by 
ligation of the 4.6kb Sacl-BamHI fragment from the 
relevant pl56 plasmid containing the 0.6kb Sacl-BamHI 
fragment from the relevant pl66 plasmid. 

These mutants, the single mutant K166, and the S156 
and Q156 mutants of Example 8 were analyzed for 
substitute specificity against synthetic polypeptides 
containing Phe or Glu as the P-1 substrate residue. 

The results are” presented in Table XIll. 


35 


kcat/Km (mutant) 
kcat/Km kcat/Km (wt) 
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As can be seen in Table XIV, either of these single 
mutations improve enzyme performance upon substrates 
with glutamate at the P-1 enzyme binding site. When 
these single mutations were combined, the resulting 
multiple enzyme mutants are better than either parent. 

These single or multiple mutations also alter the 
5 relative pH activity profiles of the enzymes as shown 
in Figure 23 . 

To isolate the contribution of electrostatics to 
substrate specificity from other chemical binding 
10 forces, these various single and double mutants were 
analyzed for their ability to bind and cleave 
synthetic substrates containing Glu, Gin, Met and Lys 
as the P-1 substrate amino acid. This permitted 
comparisons between side-chains that were more 
15 sterically similar but differed in charge (e.g., Glu 
versus Gin, Lys versus Met). similarly, mutant 
enzymes were assayed against homologous P-1 substrates 
that were most sterically similar but differed in 
charge (Table XIV) . 
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( a ) b. subtil is . BG 2036, expressing indicated 
variant subtilisin were fermented and enzymes purified 
as previously described (Estell, et al. (1985) J_s_ 
Biol. Chem. 260 . 6518-6521) . Wild type subtilisin is 
indicated (wt) containing Glul56 and Glyl66. 

Net charge in the P-1 binding site is defined as 
the sum of charges from positions 156 and 166 at pH 

8 . 6 . 


Values for kcat(s _1 ) and Xm(M) were measured ig 
0.1M Tris pH 8.6 at 25 *C as previously described 
against • P-1 substrates having the form 
succinyl-L-AlaL-AlaL-ProL- [X] -p-nitroanilide , where X 
is the indicated P-1 amino acid. Values for log 1/Km 
10 are shown inside parentheses. All errors in 
determination of kcat/Km and 1/Km are below 5%. 

Because values for Glul56/Aspl66(D166) are too 
small to determine accurately, the maximum difference 
taken for GluP-1 substrate is limited to a charge 
range of +1 to -1 charge change. 

15 n.d. « not determined 


The kcat/Km ratios shown are the second order rate 
constants for the conversion of substrate to product, 
and represent the catalytic efficiency of the enzyme. 
These ratios are presented in logarithmic form to 
scale the data, and because log kcat/Km is 
proportional to" the lowering of transition— state 
activation energy (AG T ) . Mutations at position 156 
and 166 produce changes in catalytic efficiency toward 
Glu, Gin, Met and Lys P-1 substrates of 3100, 60, 200 
and 20 fold, respectively. Making the P-1 
binding-site more positively charged [e.g., compare 
Glnl56/Lysl66 (Q156/K166) versus Glul56/Metl66 
(G1U156/M166) ] dramatically increased kcat/Km toward 
the Glu P-1 substrate (up to 3100 fold) , and decreased 
the catalytic efficiency toward the Lys P-1 substrate 
(up to 10 fold) . In addition, the results show that 
the catalytic efficiency of wild type enzyme can be 
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greatly improved toward any of the four P-1 substrates 
by mutagenesis of the P-1 binding Bite. 

The changes in kcat/Km are caused predominantly by 
changes in 1/Km. Because 1/Km is approximately equal 
to 1/Ks, the enzyme -substrate association constant, 
the mutations primarily cause a change in substrate 
binding. These mutations produce smaller effects on 
kcat that run parallel to the effects on 1/Km. The 
changes in kcat suggest either an alteration in 
binding in the P-1 binding site in going from the 
Michaelis-complex E«S) to the transition-state complex 
(E— Sj 4 ) as previously proposed (Robertus, J.D., e£ sX. 
(1972) Biochemistry JL1, 2439-2449; Robertus, J.D. , et 
al. (1972) Biochemistry 11 , 4293-4303), or change in 
the position of the scissile peptide bond over the 
catalytic serine in the E*S complex. 

Changes in substrate preference that arise from 
changes in the net charge in the P-1 binding site show 
trends that are best accounted for by electrostatic 
effects (Figure 28) . As the P-1 binding cleft becomes 
more positively charged, the average catalytic 
efficiency increases much more for the Glu P-1 
substrate than for its neutral and isosteric P—1 
homolog, Gin (Figure 28A) . Furthermore, at the 
positive extreme both substrates have nearly identical 
catalytic efficiencies. 

In contrast, as the P-1 site becomes more positively 
charged the catalytic efficiency toward the Lys P-1 
substrate decreases , and diverges sharply from its 
neutral and isosteric homolog. Met (Figure 28B) . The 
similar and parallel upward trend seen with increasing 
positive charge for the Met and Glu P-1 substrates 
probably results from the fact that all the substrates 
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are succinylated on their amino-terminal end, and thus 
carry a formal negative charge. 

The trends observed in log kcat/Km are dominated by 
changes in the Km term (Figures 28C and 28D) . As the 
pocket becomes more positively charged, the log 1/Km 
values converge for Glu and Gin P-1 substrates (Figure 
28C) , and diverge for Lys and Met P-1 substrates 
(Figure 28D) . Although less pronounced effects are 
seen in log kcat, the effects of P-1 charge on log 
kcat parallel those seen in log 1/Km and become larger 
as the P-l pocket becomes more positively charged. 
This may result from the fact that the transition- 
state is a tetrahedral anion, and a net positive 
charge in the enzyme may serve to provide some added 
stabilization to the transition-state. 

The effect of the change in P-l binding-site charge on 
substrate preference can be estimated from the 
differences in slopes between the charged and neutral 
isosteric P-l substrates (Figure 28B) . The average 
change in substrate preference (a log kcat/Km) between 
charged and neutral isosteric substrates increases 
roughly 10-fold as the complementary charge or the 
enzyme increases (Table XV) . When comparing Glu 
versus Lys, this difference is 100-fold and the change 
in substrate preference appears predominantly in the 
Km term. 
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Differential Effect on Binding Site 
Charge on log kcat/Km or (log 1/Km) (a) 

for P-1 Substrates that Differ xn Charge 


5 


Change in P-1 Binding 
Site Charge ^ 

-2 to -1 
-1 to 0 
0 to +1 


% 

Alog kcat/Km (Alog 1/Km) 
GluGln MetLys GluLys 


n.d. 

0.7 (0.6) 
1.5 (1.3) 


1.2 ( 1 . 2 ) 
1.3 (0.8) 
0.5 (0.3) 


n.d. 

2.1 (1.4) 
2.0 (1.5) 


Avg. change in 
log kcat/K or 
(log 1/Km) per 
unit charge change 


1.1 (1.0) 1.0 (0.8). 2.1 (1.5) 


15 


20 


The difference in the slopes of curves were taken 
between the P-1 substrates over the charge inte: rval 
given for log (kcat/Km) (Figure 28A, B) an ^ 

^Figure 28C, D) . Values represent the differential 
effect a charge change has in distinguishing 
substrates that are compared. 


{b} Charge in P-1 binding site is defined as the sum 
of charges from positions 156 and 166. 
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The free energy of electrostatic interactions in the 
structure and energetics of salt-bridge formation 
depends on the distance between the charges and the 
microscopic dielectric of the media. To dissect these 
structural and microenvironmental effects, the 
5 energies involved in specific salt-bridges were 
evaluated. In addition to the possible salt-bridges 
shown (Figures 29A and 29B) , reasonable salt-bridges 
can be built between a Lys P-1 substrate and Asp at 
position 166, and between a Glu P-1 substrate and a 
10 Lys at position 166 (not shown) . Although only one of 
these structures is confirmed by X-ray crystalography 
(Poulos, T.L. , et ai. (1976) J. Mol. Biol. 257 
1097-1103), all models have favorable torsion angles 
(Sielecki, A.R., et ai. (1979) J. Mol. Biol. 134 . 

15 781-804) , and do not introduce unfavorable van der 

Waals contacts. 

The change in charged P-1 substrate preference brought 
about by formation of the model salt-bridges above are 
20 shown in Table XVI. 
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AAlog (kcat/Km) 
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Tv,n-t- notes to Table XVI ; 

( a ) Molecular modeling shows it is possible to form a 
Balt bridge between the indicated charged P—1 
substrate and a complementary charge in the P-1 
binding site of the enzyme at the indicated position 
changed . 

5 ^ Enzymes compared have sterically similar amino 

acid substitutions that differ in charge at the 
indicated position. 

( c ) P-1 substrates compared are structurally 
similar but differ in charge. The charged P-1 
substrate is complementary to the charge change at the 

10 position indicated between enzymes 1 and 2. 

( d ) pate from Table XIV was used to compute the 
difference in log (kcat/Km) between the charged and 
the non-charged P-1 substrate (i.e., the substrate 
preference) . The substrate preference is shown 
separately for enzyme 1 and 2 . 

15 The difference in substrate preference between 

enzyme 1 (more highly charged) and enzyme 2 (more 
neutral) represents the rate change accompanying the 
electrostatic interaction. 


The difference between catalytic efficiencies (i.e., 
20 Alog kcat/Km) for the charged and neutral P-1 
substrates (e.g. , Lys minus Met or Glu minus Gin) give 
the substrate preference for each enzyme. The change 
in substrate preference - (AAlog kcat/Km) between the 
charged and more neutral enzyme homologs (e.g., 
25 Glul56/Glyl66 minus Glnl56(Q156)/Glyl66) reflects the 
change in catalytic efficiency that may be attributed 
solely to electrostatic effects. 

These results show that the average change in 
30 substrate preference is considerably greater when 
electrostatic substitutions are produced at position 
166 (50-fold in kcat/Km) versus position 156 (12-fold 
in kcat/Km) . From these AAlog kcat/Km values, an 
average change in transition-state stabilization 
35 energy can be calculated of -1.5 and -2.4 kcal/mol for 
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substitutions at positions 156 and 166. 

This should represent the stabilization energy 

contributed from a favorable electrostatic 

for the binding of free enzyme and substrate to for, 

the transition-state complex. 

EXAMPLE 10 


10 


15 


20 


substitutions at Posi tion 21 J 


25 


Tyr217 has been substituted by all other 19 amino 
acids. Cassette mutagenesis as describe 
publication Bo. 0130756 was used according 
protocol of Figure 22. The EcoRV restriction site 

used for restriction-purification of pa 

Sinoe this position is involved in substrate binding 

mutations here effect Kinetic parameters of th 

enzyme. An example is the substitution of M. .for Tyr 

217 For the substrate sAAPFpNa , this 

at position 217. For ^ ^ ^ ^ o£ 4>7xl0 -4 „ it h 

mutant has a kcat o . a 5 5-fold 

a kcat/Km ratio of 6xl0 5 . This represents a 5 5 f o 

increase in Kcat with a 3 -fold increase in Km 
wild type enzyme. 

m addition, replacement of T*r217 by bys. Ar, Fhe or 
Leu results in mutant enzymes which are mor, ; ^ ^ 
pas of about 9-11 than the « ““l 

replacement of Tyr217 by Asp, Slu, Gly or 
in enzymes which are less stable at pHs of about 

than the WT enzyme * 


30 


35 
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Multiple Mutants Having 
Altered Th ermal stability 

S- a mvloliquefacien subtilisin does not contain any 
5 cysteine residues. Thus, any attempt to produce 
thermal stability by Cys cross-linkage required the 
substitution of more than one amino acid in subtil isin 
with Cys. The following subtilisin residues were 
multiply substituted with cysteine: 

10 Thr22/Ser87 

Ser24/Ser87 

Mutagenesis of Ser24 to Cys was carried out with a 5 ' 

phosphorylated - oligonucleotide primer having the 
ic sequence 


5 • -pC-TAC-ACT-GGA-TGC-AAT-GTT-AAA-G-3 • . 

(Asterisks show the location of mismatches and the 
20 underlined sequence shows the position of the altered 
£au3A site.) The B. amvlolicr uefaciens subtilisin gene 
on a 1.5 kb EcoRi— BAlfHi fragment from P S 4.5 was cloned 
into Ml3mpll and single stranded DNA was isolated. 
This template (M13mpHSUBT) was double primed with the 
25 5 ' Phosphorylated M13 universal sequencing primer and 

the mutagenesis primer. Adelman, g£ gl. (1983) DNA g, 
183-193. The heteroduplex was transfected into 
competent JM101 cells and plaques were probed for the 
mutant sequence (Zoller, M. J. , et gl. (1982) Nucleic 
3Q Asid — R es. lo, 6487-6500; Wallace, et gl. (1981) 

— cleiq Ees*. g, 3647-3656) using a 

tetramethylammonium chloride hybridization protocol 
(Wood, et al. (1985) Proc. Natl. Acad. Sci. USA 82, 
1585-1588) . The Ser87 to Cys mutation was prepared in 
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. similar feshion using . 0- phcsphorylated primer 

having the sequence 

5 • -pGGC-GTT-GCG-CCA-TGC-GCA-TCA-CT-3 ' . 

(The asterisk indicates the position of the ^ch 

- the t r::::r rr «. 

.-’fCncy Of one and .o percent 
respectively. Mutant sequences were confirmed by 
dideoxy sequencing in M13 • 

Hutaoenesis of Tyrll/IhrM to A21/C22 was carried out 
with a S' phcsphorylated oligonucleotide primer having 

the sequence 

5' -p A C-TCT-C i h-SGc4Sf^T-0o|^-AhT-< ! IT-3 ' . 

(The asterisks show mismatches to the wild type 
sequence and the underlined sequence shows the 

^ sau3A site.) Manipulations for 

position of an altered gau3* > 

heteroduplex synthesis were identical to those 
described for C24. Because direct 

heteroduplex DNA raisin 

frequencies of mutagenesis, theL. — eoli 

fragment was purified and ligated into pBS42. * 

MM 294 cells were transformed with the 1 W*iob 

I , DNA was purified from isolated 

mixture and plasmid DNA P 

transformants. Plasmid DMA was screened tor thalo 

of the site at codon 23 ^ "*%**££ 

. „ „.'. pr Two out of lo piasmxu. 

the mutagenesis primer. 

preparations had lost the wild type SJU3A «te- JTh 
mutant sequence was confirmed by dideoxy sequencing 


M13. 
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Double mutants, C22/C87 and C24/C87, were constructed 
by ligating fragments sharing a common Cla l site that 
separated the Bingle parent cystine codons. 
Specifically, the 500 bp EcoR I- Cla l fragment 
containing the 5' portion of the subtilisin gene 
(including codons 22 and 24) was ligated with the 4.7 
kb Cla l- EcoR I fragment that contained the 3' portion 
of the subtilisin gene (including codon 87) plus pBS42 
vector sequence. E. coli MM 294 was transformed with 
ligation mixtures and plasmid DNA was purified from 
individual transformants. Double-cysteine plasmid 
constructions were identified by restriction site 
markers originating from the parent cysteine mutants 
(i.e., C22 and C24, Sau 3A minus; Cys87, Mst I plus). 

Plasmids from E. coli were transformed into fi. 
subtil is BG2036. The thermal stability of these 
mutants as compared to wild type subtilisin are 
presented in Figure 30 and Tables XVII and XVIIX* 


20 


25 


30 


35 


- 102 - 


0251 446 


TABLE XVII 


Effect of DTT on the Half-Time of 
Autolytic Inactivation of Wild-Type 
and Disulfide Mutants of Subtilisin* 


5 


10 


15 


20 


Enzyme 

-DDT 

+DTT 

-DTT/+DTT 


min 


Wild- type 

95 

85 

1.1 

• C22/C87 

44 

25 

1.8 

C24/C87 

92 

62 

1.5 


Purified enzymes were either treated or not 
treated with 25mM DTT and dialyzed with or without 
lOmM DTT in 2mM CaCl 2 , 50mM Tris (pH 7.5) for 14 hr. 
at 4°C. Enzyme concentrations were adjusted to 80yl 
aliquots were quenched on ice and assayed for residual 
activity. Half-times for autolytic inactivation were 
determined from semi-log plots of log^Q (residual 
activity) versus time. These plots were linear for 
over 90% of the inactivation. 


25 


-103- 


0251 446 


TABLE XVIII 


Effect of Mutations in Subtilisin 
. on the Half-Time of Autolytic 
Inactivation at 58 *C* 


Enzvme 

*1 


min 

Wild-type 

120 

C22 

22 

C24 

120 

C87 

104 

C22/C87 

43 

C24/C87 

115 


' * Half-times for autolytic inactivation were 
determined for ~ wild-type and mutant subtilisins as 
described in the legend to Table III. Dnpurified and 
non-reduced enzymes were used directly from B. 
subtllis culture supernatants. 

The disulfides introduced into subtilisin did not 
improve the autolytic stability of the mutant enzymes 
when compared to the wild-type enzyme. However, the 
disulfide bonds did provide a margin of autolytic 
stability when compared to their corresponding reduced 
double-cysteine enzyme. Inspection of a highly 
refined x-ray structure of wild-type g. amvloliaue - 
faciens subtilisin reveals a hydrogen bond between 
Thr22 and Ser87. Because cysteine is a poor hydrogen 
donor or acceptor (Paul, I.C. (1974) in Chemistry of 
the -SH Group (Patai, S., ed.) pp, 111-149, Wiley 
Interscience, New York) weakening of 22/87 hydrogen 
bond may explain why the C22 and C87 single-cysteine 
mutant proteins are less autolytically stable than 
either C24 or wild-type (Table XVIII) . The fact that 
C22 is less autolytically stable than C87 may be the 
result of the Tyr21A mutation (Table XVIII) . Indeed, 
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construction and analysis of Tyr2l/C22 shows the 
mutant protein has an autolytic stability closer to 
that of C87 . In summary, the C22 and C87 of 
single-cysteine mutations destabilize the protein 
toward autolysis. and disulfide bond formation 
5 increases the stability to a level less than or equal 
to that of wild-type enzyme. 


EXAMPLE 12 


10 


15 


20 


tultiple Mutants Containing S^stitutions 
potion 222 and Pos ition 166 or 169 _ 


Double mutants 166/222 and 169/222 were prepared by 
ligating together (1) the 2.3kb Acall fragment from 
pS4.5 which contains the 5* portion of the subtilisin 
gene and vector sequences, (2) the 200bp Avail 
fragment which contains the relevant 166 or 169 
mutations from the respective 166 or 169 plasmids, and 
(3) the 2 . 2 kb Avail fragment which contains the 
relevant 222 mutation 3 ' and of the subtilisin genes 
and vector sequence from the respective p222 plasmid. 


Although mutations at position 222 improve oxidation 
stability they also tend to increase the Km. An 
example is shown in Table XIX. In this case the A222 
mutation was combined with the K166 mutation to give 
an enzyme with kcat and Km intermediate between the 

two parent enzymes. 
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TABLE XIX 



Jccat 

Km 

WT 

50 

1.4X10” 4 

A222 

42 

9.9xl0“ 4 

K166 

21 

3.7X10 -5 

K166/A222 

29 

2.0X10*" 4 


substrate sAAPFpNa 

10 

EXAMPLE 13 

Multiple Mutants Containing 
15 Substitutions at Positions 50, 156, 

166. 217 and Combinations Thereof 

The double mutant S156/A169 was prepared by ligation 
of two fragments, each containing one of the relevant 
mutations. The plasmid pS156 was cut with Xma l and 
20 treated with SI nuclease to create a blunt end at 
codon 167. After removal of the nuclease by 
phenol/ chloroform extraction and ethanol precipita- 
tion, the DNA was digested with BamH l and the 
approximately 4kb fragment containing the vector plus 
25 the 5' portion of the subtilisin gene through codon 
167 was purified. 

The pA169 plasmid was digested with Kon l and treated 
with DNA polymerase Klenow fragment plus 50 pM dNTPs 
30 to create a blunt end codon at codon 168. The Klenow 
was removed by phenol/chloroform extraction and 
ethanol precipitation. The DNA was digested with 
BamH l and the 590bp fragment including codon 168 
through the carboxy terminus of the subtilisin gene 
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was isolated. The two fragments were then ligated to 
give S156/A169. 

•p r j_ple and quadruple mutants were prepared by ligating 
together (1) the 220bp Pvu II/ Hae ll fragment containing 
the relevant 156, 166 and/or 169 mutations from the 
5 respective pl56, pl66 and/or pl69 double of single 
mutant plasmid, (2) the 550bp Haell/BamHI fragment 
containing the relevant 217 mutant from the -respective 
p217 plasmid, and (3) the 3.9kb Pvu II/ Bam HI fragment 
containing the F50 mutation and vector sequences. 

10 

The multiple mutant F50/S156/A169/L217 , as well as B. 
amyloliquef aciens subtilisin, 13. lichen formis 

subtilisin and the single mutant L217 were analyzed 
with the above synthetic polypeptides where the P-1 
^•5 amino acid in the substrate was Lys, His, Ala, Gin, 

Tyr, Phe, Met and Leu. These results are shown in 
Figures 26 and 27 . 

These results show that the F50/S156/A169/L217 mutant 
2 ® has substrate specificity similar to that of the B. 
licheniformis enzyme and differs dramatically from the 
wild type enzyme. . 'Although only data for the L217 
mutant are shown, none of the single mutants (e.g. , 

F50, S156 or A169) showed this effect. Although B. 

25 licheniformis differs in 88 residue positions from B. 
amyloliquefaciens , the combination of only these four 
mutations accounts for roost of the differences in 
substrate specificity between the two enzymes . 

30 EXAMPLE 14 

Subtilisin Mutants Having 
Altered Alkaline Stability 

A random mutagenesis technique was used to generate 

single and multiple mutations within the B. 

35 
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amvlolictuefaciens Bubtilisin gene. Such mutants were 
screened for altered alkaline stability. Clones 
having increased (positive) alkaline stability and 
decreased (negative) alkaline stability were isolated 
and sequenced to identify the mutations within the 
subtilisin gene. Among the positive clones, the 
mutants V107 and R213 were identified. These single 
mutants were subsequently combined to produce the 
mutant V107/R213. 

One of the negative clones (V50) from the random 
mutagenesis experiments resulted in a marked decrease 
in alkaline stability. Another mutant (P50) was 
analyzed for alkaline stability to determine the 
effect of a different substitution at position 50. 

The F50 mutant was found to have a greater alkaline 
stability than wild type subtiiisin and when combined 
with the double mutant V107/R213 resulted' in a mutant 
having an alkaline stability which reflected the 
aggregate of the alkaline stabilities for each of the 
individual mutants. 

The single mutant R204 and double mutant C204/R213 
were identified by alkaline screening after random 
cassette mutagenesis over the region from position 197 
to 228. The C204/R213 mutant was thereafter modified 
to produce mutants containing the individual mutations 
C204 and R213 to determine. the contribution of each of 
the individual mutations. Cassette mutagenesis using 
pooled oligonucleotides to substitute all amino acids 
at position 204, was utilized to determine which 
substitution at position 204 would maximize the 
increase in alkaline stability. The mutation from 
Lys213 to Arg was- maintained constant for each of 
these substitutions at position 204. 
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A. Construction of pB0180, an 

E. coli-B. subtilis Shuttle Plasmid 

The 2.9 kb EcoRI-BamHI fragment from pBR327 
(Covarrubias , L. , et al. (1981) Gene 13 , 25—35) was 

ligated to the 3.7kb Eco RI-BamHI fragment of pBD64 
(Gryczan, T., et al. (1980) J. Bacteriol. t 141, 
246-253) to give the recombinant plasmid pB0153. The 
unique Eco RI recognition sequence in pBD64 was 
eliminated by digestion with EcoR I followed by 
treatment with Klenow and deoxynucleotide 
triphosphates (Maniatis, T. , et al. (eds.) (1982) in 
Molecular Cloning, A Laboratory Manual , Cold Spring 
Harbor Laboratory, Cold Spring Harbor, N.Y.). Blunt 
end ligation aftd transformation yielded pB0154. The 
unique Ava l recognition sequence in pB0154 was 
eliminated in a similar manner to yield pB017-l. 
pB0171 was digested with BamH I and PvuII and treated 
with Klenow and deoxynucleotide triphosphates to 
create blunt ends. The 6.4 kb fragment was purified, 
ligated and transformed into LE392 cells (Enquest, 
L.W. , et al. (1977) J. Mol. Biol. Ill , 97-120) , to 
yield pB0172 which retains the unique Bam HI site. To 
facilitate subcloning of subtilisin mutants, a unique 
and silent Kpni site starting at codon 166 was 
introduced into the subtilisin gene from pS4.5 (Wells, 
J.A. , et al* (1983) Nucleic Acids Res. , 11 , 7911-7925) 
by site-directed mutagenesis. The Kpn l+ plasmid was 
digested with Eco RI and treated with Klenow and 
deoxynucleotide triphosphates to create a blunt end. 
The Klenow was inactivated by heating for 20 min at 
68°C, and the DNA was digested with BamH I. The 1.5 kb 
blunt Eco RI -BamH I fragment containing the entire 
subtilisin was ligated with the 5,8 kb Nru I -Bam HI from 
pB0172 to yield pBO180. The ligation of the blunt 
Nrul end to the blunt EcoR I end recreated an EcoR I 
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site. Proceeding clockwise around pB0180 from the 
Eco RI site at the 5' end of the subtilisin gene is the 
unique Bam HI site at the 3' end of the subtilisin 
gene , the chloramphenicol and neomycin resistance 
genes and UB110 gram positive replication origin 
derived from pBD64, the ampicillin resistance gene and 
gram negative replication origin derived from pBR327. 


B. Construction of Random Mutagenesis Library 

The 1.5 kb Eco RI -BamH I fragment containing the B. 
amyloliquefaciens subtilisin gene (Wells et al., 1983) 
from pB0180 was cloned into M13mpll to give M13mpll 
SUBT essentially as previously described (Wells, J.A., 
et al. (1986) J. Biol. Chem. . 261.6564-6570) . 
Deoxyuridine containing template DNA was prepared 
according to Kunkel (Kunkel, T.A. (1985) Proc. Natl. 
Acad. Sci. USA , 82 488-492). Uridine containing 
template DNA (Kunkel, 1985) was purified by CsCl 
density gradients (Maniatis, T. et al. (eds.) <1982) 
in Molecular Cloning, A Laboratory Manual , Cold Spring 
Harbor Laboratory, Cold Spring Harbor, N.Y.). A 
primer (Aval”) having the sequence 


5 ' GAAAAAAGACCCTAGCGTCGCTTA 
25 

ending at codon -11, was used to alter the unique Ava l 

recognition sequence within the subtilisin gene. (The 

asterisk denotes the mismatches from the wild-type 

sequence and underlined is the altered Ava l site.) 

30 

The 5* phosphorylated Ava l primer (-320 pmol) and -40 
pmol (~120yg) of uridine containing M13mpll SUBT 
template in 1.88 ml of 53 mM NaCl, 7.4 mM MgCl2 and 
7.4 mM Tris.HCl (pH 7.5) were annealed by heating to 
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90°C for 2 min. and cooling 15 min at 24°C (Fig. 31). 
primer extension at 24 °C was initiated by addition of 
l0 0pL containing 1 mM in all four deoxynucleotide 
triphosphates, and 20yl Klenow fragment (5 units/1). 

The extension reaction was stopped every 15 seconds 
over ten min by addition of lOpl 0.25 M EDTA (pH 8) to 
5 50pl aliquots of the reaction mixture. Samples were 
pooled, phenol chlorophorm extracted and DNA was 
precipitated twice by addition of 2.5 vol 100% 
ethanol, and washed twice with 70% ethanol. The 
pellet was dried, and redissolved in 0.4 ml 1 mM EDTA, 

10 10 mM Tris (pH 8) . 

Mis incorporation of a-thiodeoxynucleotides onto the 3* 
ends of the pool .of randomly terminated template was 
carried out by incubating four 0.2 ml solutions each 
15 containing one-fourth of the randomly terminated 
template mixture (-20yg) , 0.25 mM of a given 

o-thiodeoxynucleotide triphosphate, 100 units AMV 
polymerase, 50 mM KCL, 10 mM MgCl 2 , 0.4 mM 

dithiothreitol , and 50 mM Tris (pH 8.3) (Champoux, 

20 J.J. (1984) Genetics , 2, 454-464). After incubation 

at 37 °C for 90 jninutes, misincorporation reactions 
were sealed by incubation for five minutes at 37 °C 

with 50 mM all four deoxynucleotide triphosphates (pH 
8), and 50 units AMV polymerase. Reactions were 
25 Stopped by addition of 25 mM EDTA (final) , and heated 
at 68 °C for ten min to inactivate AMV polymerase. 

After ethanol precipitation and resuspension, 
synthesis of closed circular heteroduplexes was 
carried out for two days at 14 »C under the same 

30 conditions used for the timed extension reactions 
above, except the reactions also contained 1000 units 
T 4 dna ligase, 0.5 mM ATP and 1 mM B-mercaptoethanol. 
Simultaneous restriction of each heteroduplex pool 
with Kpnl , BamHI , and EcoRI confirmed that the 
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extension reactions were nearly quantitative. 
Heteroduplex DNA in each reaction mixture was 
methylated by incubation with 80yM 
S-adenosylmethionine and 150 units dam methylase for 1 
hour at 37 °C. Methylation reactions were stopped by 
heating at 68"C for 15 min. 

One-half of each of the four methylated heteroduplex 
reactions were transformed into 2.5 ml competent E. 
coli JM101 (Messing, J. (1979) Recombinant DNA Tech. 
Bull , , 2 _, 43-48) . The number of independent 
transformants from each of the four transformations 
ranged from 0. 4-2.0 x 10^. After growing out phage 
pools, RF DNA from each of the four transformations 
was isolated and purified by centrifugation through 
CsCl density gradients. Approximately 2yg of RF DNA 
from each of the four pools was digested with Eco RI , 
Baro HI and Ava l. The 1.5 kb EcoRI -BamHI fragment 
(i.e.. Ava l resistant) was purified on low gel 
temperature agarose and ligated into the 5.5 kb 
Eco RI -BamH I vector fragment of pB0180. The total 
number of independent transformants from each 
a-thiodeoxynucleotide misincorporation plasmid library 
ranged from 1.2-2. 4 x 10^. The pool of plasmids from 
each of the four transformations was grown out in 200 
ml LB media containing 12.5yg/ml cmp and plasmid DNA 
was purified by centrifugation through CsCl density 
gradients . 


C. Expression and Screening 

of Subtilisin Point Mutants 

Plasmid DNA from each of the four misincorporation 
pools was transformed (Anagnostopoulos , C., et al. 

(1967) , J. Bacteriol. , 81, 741-746) into BG2036. For 
each transformation, 5yg of DNA produced approximately 
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2.5 x 10 5 independent BG2036 transformants, and liguid 
culture aliquots from the four libraries were stored 
in 10% glycerol at 70 *C. Thawed aliquots of frozen 
cultures were plated on LB/5/ig/ml cmp/1.6% skim milk 
plates (Wells, J.A., et al. (1983) puclelc Acids Res A , 

11 , 7911-7925) , and fresh colonies were arrayed onto 
96-well microtiter plates containing 150 1 per well LB 
media plus 12.5^g/ml cmp. After 1 h at room 
temperature, a replica was stamped (using a matched 96 
prong stamp) onto a 132 mm BA 85 nitrocellulose filter 
(Schleicher and Scheull) which was layered on a 140 mm 
diameter LB/cmp/skim milk plate. Cells were grown 
about 16 h at 30 *C until halos of proteolysis were 
roughly 5—7 mm in diameter and filters were 
transferred directly to a freshly prepared agar plate 
at 37 *C containing only 1.6% skim milk and 50 mM 
sodium phosphate pH 11.5. Filters were incubated on 
plates for 3-6 h at 37 *C to produce halos of about 5 
mm for wild-type subtil is in and were discarded. The 
plates were stained for 10 min at 24 "C with Coomassie 
blue solution (0.25% Coomassie blue (R-250) 25% 
ethanol) and destained with 25% ethanol, 10% acetic 
acid for 20 min. Zones of proteolysis appeared as 
blue halos on a white background on the underside of 
the plate and were compared to the original growth 
plate that was similarly stained and destained as a 
control. Clones were considered positive that 
produced proportionately larger zones of proteolysis 
on the high pH plates relative to the original growth 
plate. Negative clones gave smaller halos under 
alkaline conditions. positive and negative clones 
were restreaked to colony purify and screened again in 
triplicate to confirm alkaline pH results. 
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Plasmid DNA from 5 ml overnight cultures of more 
alkaline active B.subtilis clones was prepared 
according to Birnboim and Doly (Birnboim, H.C., et al. 
(1979) Nucleic Acid Res. 1 _, 1513) except that 

incubation with 2 mg/ml lysozyme proceeded for 5 min 
at 37°C to ensure cell lysis and an additional 
phenol/CHCl-j extraction was employed to remove 
contaminants. The 1.5 kb Eco RI -Bam HI fragment 
containing the subtilisin gene was ligated into 
M13mpll and template DNA was prepared for DNA 
sequencing (Messing, J., et al. (1982) Gene , 19 
269-276) . Three DNA sequencing primers ending at codon 
26, +95, and +155 were synthesized to match the 

subtilisin coding sequence. For preliminary sequence 
identification a single track of DNA sequence, 
corresponding to the dNTPaS misincorporation library 
from which the mutant came, was applied over the 
entire mature protein coding sequence (i.e., a single 
dideoxy guanos ine sequence track was applied to 

identify a mutant from the dGTPas library) . A 
complete four track of DNA sequence was performed 200 
bp over the site of mutagenesis to confirm and 
identify the mutant sequence (Sanger, F., et al., 
(1980) J. Mol. Biol. , 143, 161-178). Confirmed 

positive and negative bacilli clones were cultured in 
LB media containing 12.5pg/mL cmp and purified from 
culture supernatants as previously described (Estell, 
D. A. , et al. (1985) J. Biol. Chem. . 260 . 6518-6521). 
Enzymes were greater than 98% pure as analyzed by 
SDS-polyacrylamide gel electrophoresis (Laemmli, U.K. 
(1970) , Nature , 227 , 680-685) , and protein 

concentrations were calculated from the absorbance at 
280 nm, Eggo* = 1*17 (Maturbara, H. , et al. (1965), J. 
Biol. Chem . 240, 1125-1130). 
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Enzyme activity was measured with 200pg/mL 
succinyl-L-AlaL-AlaL-ProL-Phep-nitroanilide (Sigma) in 
0.1M Tris pH 8.6 or 0.1 M CAPS pH 10.8 at 25*C. 
Specific activity (/i moles product/min-mg) was 
calculated from the change in absorbance at 410 nm 
from production of p-nitroaniline with time per mg of 
enzyme (E410 « 8,480 M-lcm-1? Del Mar, E.G. , et al. 
(1979), Anal. Biochem. . 99 . 316-320). Alkaline 
autolytic stability studies were performed on purified 
enzymes (200pg/mL) in 0.1 M potassium phosphate (pH 
12.0) at 37 *C. At various times aliquots were assayed 
for residual enzyme activity (Wells, J.A. , et al. 
(1986) J. Biol. Chem. . 261 . 6564-6570) . 


E. Results 

1. Optimization and analysis 
of mutagenesis frequency 

A set of primer-template molecules that were randomly 
3 * -terminated over the subtilisin gene (rig. 31) was 
produced by variable extension from a fixed 5 '-primer 
(The primer mutated a unique Aval site at codon 11 in 
the subtilisin gene) . This was achieved by stopping 
polymerase reactions with EDTA after various times of 
extension. The extent and distribution of duplex 
formation over the 1 kb subtilisin gene fragment was 
assessed by multiple restriction digestion (not 
shown) . For example, production of new Hinfl 
fragments identified when polymerase extension had 
proceeded past XlellO, Leu233, and Asp259 in the 
subtilisin gene. 

Misincorporation of each dNTPos at randomly terminated 
3' ends by AMV reverse transcriptase (Zakour, R.A., et 
al. (1982), Nature . 295 . 708-710; Zakour, R.A. , et al. 
(1984), Nucleic Acids Res. . 12, 6615-6628). used 
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conditions previously described (Champoux, J.J., 

(1984) , Genetics, 2, 454-464) . The efficiency of each 
mis incorporation reaction was estimated to be greater 
than 80% by the addition of each dNTPas to the Aval 
restriction primer, and analysis by polyacrylamide gel 
electrophoresis. Misincorporations were sealed by 
polymerization with all four dNTP's and closed 
circular DNA was produced by reaction with DNA ligase. 


Several manipulations were employed to maximize the 
yield of the mutant sequences in the heteroduplex. 
These included the use of a deoxyuridihe containing 
template (Kunkel, T.A. (1985), Proc. Natl. Acad, ftni _ 
2§&» S2. 488-492; Pukkila, P.j. et al. (1983), 
Genetics, 104 , ' 571-582) , is vitro methylation of the 
mutagenic strand (Kramer, W. et al. (1982) Nucleic 

A cid s Res.. , 10 6475-6485) , and the use of Ava l 

restriction-selection against the wild-type template 
strand which contained a unique Ava l site. The 
separate contribution of each of these enrichment 
procedures to the final mutagenesis frequency was not 
determined, except that prior to Ava l restriction- 
selection roughly one-third of the segregated clones 
in each of the four pools still retained a wild-type 
Aval site within the subtilisin gene. After Ava l 
restriction-selection greater than 98% of the plasmids 
lacked the wild-type Ava l site. 

The 1.5 kb EcoRI -BamH I subtilisin gene fragment that 
was resistant to Ava l restriction digestion, from each 
of the four CsCl purified M13 RF pools was isolated on 
low melting agarose. The fragment was ligated in situ 
from the agarose with a similarly cut £. coll -B. 
subtil is shuttle vector, pB0180, and transformed 
directly into £ coli LE392. Such direct ligation and 
transformation of DNA isolated from agarose avoided 
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loses and allowed large numbers of recombinants to ^46 

obtained (>100,000 per pg equivalent of input Ml 3 
pool) . 


The frequency of mutagenesis for each of the four 
dNTPas misincorporation reactions was estimated from 
5 the frequency that unique restriction sites were 
eliminated (Table XX) . The unique restriction sites 
chosen for this analysis, Clal, PvuII, and Kpnl, were 
distributed over the subtilisin gene starting at 
codons 35, 104, and 166, respectively. As a control, 
10 the mutagenesis frequency was determined at the Pst I 
site located in the $ lactamase gene which was outside 
the window of mutagenesis. Because the absolute 
mutagenesis frequency was close to the. percentage of 
undigested plasmid DNA, two rounds of restriction- 
15 selection were necessary to reduce the background of 
surviving uncut wild— type plasmid DNA below the mutant 
plasmid (Table XX). The background of surviving 
plasmid from wild-type DNA probably represents the sum 
total of spontaneous mutations, uncut wild-type 
20 plasmid, plus the efficiency with which linear DNA can 
transform E. coli. Subtracting the frequency for 
unmutagenized DNA -(background) from the frequency for 
mutant DNA, and normalizing for the window of 
mutagenesis sampled by a given restriction analysis 
25 (4-6 bp) provides an estimate of the mutagenesis 

efficiency over the entire coding sequence (-1000 bp) . 
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a-thiol 

dNTP 


misincor- 

porated fb) 


% resistant clones 


Restriction 

Site 1st 2nd 
Selection round round 


% resistant 
clones over 


Total Background 0 


% 

mutants 

•per 

lOOObp 


None 

PstI 

0.32 

0.7 

0.002 

0 

- 

G 

PstI 

0.33 

1.0 

0.003 

0.001 

0.2 

T 

PstI 

0.32 

<0.5 

<0.002 

0 

0 

C 

PstI 

0.43 

3.0 

0.013 

0.011 

3 

None 

Clal 

0.28 

5 

0.014 

. 0 

_ 

G 

Clal 

2.26 

85 

1.92 

1.91 

380 

T 

Clal 

0.48 

31 

0.15 • 

0.14 

35 

C 

Clal 

0.55 

15 

0.08 

0.066 

17 

None 

PvuII - 

0.08 

29 

0.023 

0 


G 

PvuII 

0.41 

90 

0.37 

0.35 

88 

T 

PvuII 

0.10 

67 

0.067 

0.044 

9 

C 

PvuII 

0.76 

53 

0.40 

0.38 

95 

None 

Kpnl 

0.41 

3 

0.012 

0 


G 

Kpnl 

0.98 

35 

0.34 

0.33 

83 

T 

Kpnl 

0.36 

15 

0.054 

0.042 

8 

C - 

Kpnl ' 

1.47 

26 

0.38 

0.37 

93 


Mutagenesis frequency is estimated from the 
frequency for obtaining mutations that alter unique 
restriction sites within the mutagenized subtilisin 
gene (i.e., Cla l , Pvu II , or Kpn l) compared to mutation 
frequencies of the Pst I site, that is outside the 
window of mutagenesis. 


Plasmid DNA was from wild- type (none) or 
mutagenized by dNTPas mis incorporation as described. 

(qJ 

Percentage of resistant clones was calculated 
from the fraction of clones obtained after three fold 
or greater over-digestion of the plasmid with the 
indicated restriction enzyme compared to a 
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non-digested control. Restriction-resistant plasmid 
DNA from .the first round was subjected to a second 
round of restriction-selection. The total represents 
the product of the fractions of resistant clones 
obtained from both rounds of selection and gives 
percentage of restriction-site mutant clones in the 
original starting pool. Frequencies were derived from 
counting at least 20 colonies and usually greater than 
5 100 . 

id l 

1 ' Percent resistant clones was calculated by 
subtracting the percentage of restriction-resistant 
clones obtained for wild-type DNA (i.e. r none) from 
that obtained for mutant DNA. 

10 ^ This extrapolates from the frequency of mutation 

over each restriction site to the entire subtilisin 
gene (-1 kb) . This has been normalized to the number 
of possible bases (4-6 bp) within each restriction 
site that can be mutagenized by a given 

misincorporation event. 


15 


20 


25 


30 


From this analysis, the average percentage of 
subtilisin genes containing mutations that result from 
dGTPas , dCTPas, or dTTPas misincorporation was 
estimated to be 90, 70, and 20 percent, respectively. 
These high mutagenesis frequencies were generally 
quite variable depending upon the dNTPos and 
misincorporation efficiencies at this site. 
Misincorporation efficiency has been reported to be 
both dependent on the kind of mismatch, and the 
context of primer (Champoux, J.J., (1984); Skinner, 
J.A., et al. (1986) Nucleic Acids Res . , 14 , 
6945-6964). Biased misincorporation efficiency of 
dGTPes and dCTPas over dTTPas has been previously 
observed (Shortle, D., et al. (1985), Genetics 110 , 
539-555). Unlike the dGTPas, dCTPas, and dTTPas 
libraries the efficiency of mutagenesis for the dATPas 
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misincorporation library could not be accurately 
assessed because 90% of the restriction-resistant 
plasmids analyzed simply lacked the' subtilisin gene 
insert. This problem probably arose from 
self-ligation of the vector when the dATPas 
mutagenized subtilisin gene was subcloned from Ml 3 
into pB0180. Correcting for the vector background, we 
estimate the mutagenesis frequency around 20 percent 
in the dATPas misincorporation library. In a separate 
experiment (not shown) , the mutagenesis efficiencies 
for dGTPas and dTTPas misincorporation were estimated 
to be around 50 and 30 percent, respectively, based on 
the frequency of reversion of an inactivating mutation 
at codon 169. 

The location and identity of each mutation was 
determined by a single track of DNA sequencing 
corresponding to the misincorporated athiodeoxy— 
nucleotide over the entire gene followed by a complete 
four track of DNA sequencing focused over the site of 
mutation. Of 14 mutants identified, the distribution 
was similar to that reported by Shortle and Lin (1985) 
except we did not observe nucleotide insertion or 
deletion mutations. The proportion of AG mutations 
was highest in the G misincorporation library, and 
some unexpected point mutations appeared in the dTTPas 
and dCTPas libraries. 


2. Screening and Identification of 

Alkaline Stability Mutants of Subtilisin 

it is possible to screen colonies producing subtilisin 
by halos of casein digestion (Wells, J.A. et al. 
(1983) Nucleic Acids Res. , 11 , 7911-7925). However, 
two problems were posed by screening colonies under 
high alkaline conditions (>pH 11). First, B. subtilis 


will not grow at high pH, and we have been unable to 
transform an alkylophilic strain of bacillus. This 
problem was overcome by adopting a replica plating 
strategy in which colonies were grown on filters at 
neutral pH to produce subtilisin and filters 
subsequently transferred to casein plates at pH 11.5 
to assay subtilisin activity. However, at pH 11.5 the 
casein micelle no longer formed a turbid background 
and thus prevented a clear observation of proteolysis 
halos. The problem was overcome by briefly staining 
the plate with Coomassie blue to amplify proteolysis 
zones and acidifying the plates to develop casein 
micell turbidity. By comparison of the halo size 
produced on the reference growth plate (pH 7) to the 
high pH plate (pH 11.5), it was possible to identify 
mutant subtilisins -that had increased (positives) or 
decreased (negatives) stability under alkaline 
conditions . 

Roughly 1000 colonies were screened from each of the 
four mis incorporation libraries. The percentage of 
colonies showing a differential loss of activity at pH 
11.5 versus pH 7 represented 1.4, 1.8, 1.4, and 0.6% 
of the total colonies screened from the thiol dGTPas, 
dATPas, dTTPas, and dCTPas libraries, respectively. 
Several of these negative clones were sequenced and 
all were found to contain a single base change as 
expected from the mis incorporation library from which 
they came. Negative mutants included A3 6, E170 and 
V50. Two positive mutants were identified as V107 and 
R213. The ratio of negatives to positives was roughly 
50:1. 


/ 
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3. Stability and Activity of 

Subtilisin Mutants at Alkaline pH 

Subtil is in mutants vere purified and their autolytic 
stabilities vere measured by the time course of 
inactivation at pH 12.0 (Figs. 32 and 33). Positive 
® mutants identified from the screen (i.e. , V107 and 
R213) were more resistant to alkaline induced 
autolytic inactivation compared to wild-type; negative 
mutants (i.e. r £170 and V50) were less resistant. We 
had advantageously produced another mutant at position 
10 50 (F50) by site-directed mutagenesis. This mutant 

was more stable than wild— type enzyme to alkaline 
autolytic inactivation (Fig. 33) At the termination 
of the autolysis study, SDS-PAGE analysis confirmed 
that each subtilisin variant had autolyzed to an 
15 extent consistent with the remaining enzyme activity. 

The stabilizing effects of V107, R213, and F50 are 
cumulative. See Table XXI. The double mutant, 
V107/R213 (made by subcloning the 920 bp EcgRI-Kpnl 
20 fragment of pB0180V107 into the 6.6 kb EcoRI- Kpn l 

fragment of pB0180R213), is more stable than either 
single mutant. ' The triple mutant, F50/V107/R213 (made 
by subcloning the 735 bp EcoR I- Pvu II' fragment of pF50 
(Example 2) into the 6.8 kb EcoRI- Pvu II fragment of 
25 pB0180/V107, is more stable than the double mutant 

V107/R213 or F50. The inactivation curves show a 
biphasic character that becomes more pronounced the 
more stable the mutant analyzed. This may result from 
some destablizing chemical modification (s) (eg., 

30 deamidation) during the autolysis study and/or reduced 
stabilization caused by complete digestion of larger 
autolysis peptides. These alkaline autolysis studies 
have been repeated on separately purified enzyme 
batches with essentially the same results. Rates of 
autolysis should depend both on the conformational 
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F. Random Cassette Mutagenesis 
of Residues 197 through 228 

Plasmid pA222 (Wells, et al. (1985) Gene 34 . 315-323) 
was digested with Pst l and BamH i and the 0.4 kb 
5 Pst l/ BamH I fragment (fragment 1, see Fig. 34) purified 
from a polyacrylamide gel by electroelution. 


t 


* I 


The 1.5 kb IcoRI/ BamH I fragment from pS4.5 was cloned j 

into Ml3mp9. Site directed mutagenesis was performed I 

to create the A197 mutant and simultaneously insert a j 

silent Sst I site over codons 195-196. The mutant ! 

. EcoRI/ BamH I fragment was cloned back into pBS42. The j 

pA197 plasmid was digested with BamH i and Sst i and the j 

5.3 kb BamHI/ Sst I fragment (fragment 2) was purified I 

15 from low melting agarose. 

I 

Complimentary oligonucleotides were synthesized to | 

span the region from Sst i (codons 195-196) to Pst l j 

(codons 228-230) . These oligodeoxynucleotides were 
20 designed to (1) restore codon 197 to the wild type, 

(2) re-create a silent Kon l site present in pa 22 2 at 
codons 219-220, (3) create a silent Sma l site over j 

codons 210-211, and (4) eliminate the Pst l site over ! 

codons 228-230 (see Fig. 35) . Oligodeoxynucleotides 
25 were synthesized with 2% contaminating nucleotides at 
each cycle of synthesis, e.g. , dATP reagent was spiked 
with 2% dCTP, 2% dGTP, and 2% dTTP. For 97-mers, this 
2% poisoning should give the following percentages of 
non-mutant, single mutants and double or higher 
mutants per strand with two or more mis incorporations 
per complimentary strand: 14% non-mutant, 28% single ; 

mutant, and -57% with a2 mutations, according to the 
general formula 

n 

/» 

35 f « ' — e-/» . 

n! 


I 
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where p is the average number of mutations and n is a 
number class of mutations and f is the fraction of the 
total having that number of mutations. Complimentary 
oligodeoxynucleotide pools were phosphorylated and 
annealed (fragment 3) and then ligated at 2-fold molar 
excess over fragments 1 and 2 in a three-way ligation. 

E. soli MM294 was transformed with the ligation 
reaction, the transformation pool ■ grown up over night 
and the pooled plasmid DNA was isolated. This pool 
represented 3.4 x 10* independent transformants. This 
plasmid pool was digested with Pst l and then used to 
retransform E. coli . A second plasmid pool was 
prepared and used to transform B. subtills (BG2036) . 
Approximately 40% of the BG2036 transformants actively 
expressed subtilisin as judged by halo-clearing on 
casein plates. Several of the non-expressing 
transformants were sequenced and found to have 
insertions or deletions in the synthetic cassettes. 
Expressing BG2036 mutants were arrayed in microtiter 
dishes with 150pl of LB/12. 5pg/mL chloramphenicol 
(cmp) per well, incubated at 37 ‘C for 3-4 hours and 
then stamped in duplicate onto nitrocellulose filters 
laid on LB 1.5% skim milk/5/ig/mL cmp plates and 
incubated overnight at 33* C (until halos were 
approximately 4-8 mm in diameter) . Filters were then 
lifted to stacks of filter paper saturated with 
1 x Tide commercial grade detergent, 50 mM Na.CO*, pH 
11*5 and incubated at 65 *C for 90 min. .Overnight 
growth plates were Commassie stained and destained to 
establish basal levels of expression. After this 
treatment, filters were returned to pH7/skim 
milk/2 Op g/mL tetracycline plates and incubated at 37 *C 
for 4 hours to overnight. 


Mutants identified by the high pH stability screen to 
be more alkaline stable were purified and analyzed for 
autolytic stability at high pH or high temperature. 
The double mutant C204/R213 was more stable than wild 
type at either high pH or high temperature (Table 
XXII) . 

This mutant was dissected into single mutant parents 
(C204 and R213) by cutting at the unique Sma l 
restriction site (Fig. 35) and either ligating wild 
type sequence 3 1 to the Sma l site to create the single 
C204 mutant or ligating wild type sequence 5' to the 
Smal site to create the single R213 mutant. Of the 
two single parents, C204 was nearly as alkaline stable 
as the parent double mutant (C04/R213) and slightly 
more thermally stable. See Table XXII. The R213 
mutant was only slightly more stable than wild type 
under both conditions (not shown) . 

Another mutant identified from the screen of the 197 
to 228 random cassette mutagenesis was R204. This 
mutant was more stable than wild type at both high pH 
and high temperature but less stable than C204. 
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TABLE XXI T 


Stability of subtil isin variants 


5 Purified enzymes (200jig/mL) vere incubated in 0.1M 
phosphate, pH 12 at 30 *C for alkaline autolysis, or in 
2mM CaCl 2 , 50mM MOPS, pH 7.0 at 62* C for thermal 
autolysis. At various times samples were assayed for 
residual enzyme activity. Inactivations were roughly 
10 pseudo-first order, and t 1/2 gives the time it took 
to reach 50% of the starting activity in two separate 
experiments. 


15 


25 


t 1/2 t 1/2 

(alkaline (thermal 

autolysis) ' autolysis) 


Subtilisin variant 

Exp. 

Exp. 

#2 

Exp. 

#1 

Exp. 

*2 

wild type 

30 

25 

20 

23 

F50/V107/R213 

49 

41 

18 

23 

R204 

35 

32 

24 

27 

C204 

43 

46 

38 

40 

C204/R213 

50 

52 

32 

36 

L204/R213 

32 

30 

20 

21 


Random Mutagenesis at Codon 20< 


30 Based on the above results, codon 204 was targeted for 
random mutagenesis. Mutagenic DNA cassettes (for 
codon at 204) all contained a fixed R213 mutation 
which was found to slightly augment the stability of 
the C204 mutant. 
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Plasmid DNA encoding the subtilisin mutant C204/R213 
was digested with SstI and EcoR l and a 1.0 Jcb 
EcoRI/ Sst I fragment was isolated by electro-elution 
from polyacrylamide gel (fragment 1, see Fig. 35) . 

C204/R213 was also digested with Sma i and EcoR l and 
the large 4.7 kb fragment, including vector sequences 
and the 3* portion of coding region, was isolated from 
low melting agarose (fragment 2, see Fig. 36). 

Fragments 1 and 2 were combined in four separate 
three-way ligations with heterophosphorylated 
fragments 3 (see Figs. 36 and 37). This hetero- 
phosphorylation of synthetic duplexes should 
preferentially drive the phosphorylated strand into 
the plasmid ligation product. Four plasmid pools, 
corresponding to the four ligations, were restricted 
With Sma i in order to linearize any single cut 
C204/R213 present from fragment 2 isolation, thus 
reducing the background of. C204/R213. E. coli was 
then re-transformed with Smai -restricted plasmid pools 
to yield a second set of plasmid pools which are 
essentially free of C204/R213 and any non-segregated 
heterduplex material. 

These second enriched plasmid pools were then used to 
transform B. subtllis (BG2036) and the resulting four 
mutant pools were screened for clones expressing 
subtil isin resistant to high pH/temperature 
inactivation. Mutants found positive by such a screen 
were further characterized and identified by 
sequencing. 

The mutant L204/R213 was found to be slightly more 
stable than the wild type subtilisin. See Table XXII. 
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Raving described the preferred embodiments of the 
present invention, it will appear to those ordinarily 
sXilled in the art that various modifications may be 
made to the disclosed embodiments, and that such 
modifications are intended to be within the scope of 
the present invention. 
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1. A carbonyl hydrolase mutant having at least one 
property which is substantially different from the 
same property of a precursor carbonyl hydrolase from 
which the amino acid sequence of said carbonyl 
hydrolase mutant is derived, said property being 
selected from the group consisting of thermal 
stability and alkaline stability wherein said 
precursor carbonyl hydrolase is selected from the 
consisting of naturally occurring carbonyl 
hydrolases and recombinant carbonyl hydrolases and 
said carbonyl hydrolase mutant amino acid sequence is 
derived by a method selected from the group consisting 
of the substitution, deletion and insertion of at 
least one amino acid in said amino acid sequence of 
said precursor carbonyl hydrolase. 

2. A carbonyl hydrolase mutant having at least one 
property which is substantially different from the 
same property of a precursor carbonyl hydrolase from 
which the amino acid sequence of said carbonyl 
hydrolase mutant is derived, said property being 
selected from the group consisting of oxidative 

stability, substrate specificity, catalytic activity, 
thermal stability, alkaline stability and pH activity 
profile wherein said precursor carbonyl hydrolase is 
selected from the group consisting of naturally 

occurring carbonyl hydrolases and recombinant carbonyl 
hydrolases and said carbonyl hydrolase mutant amino 
acid sequence is derived by a method selected from the 
group consisting of deletion and insertion of at least 
one amino acid in said amino acid sequence of said 
precursor carbonyl hydrolase and substitution of more 
than one amino acid residue of said amino acid 
sequence of said precursor carbonyl hydrolase. 
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3. A carbonyl hydrolase mutant derived by the 
replacement of at least one amino acid residue of a 
precursor carbonyl hydrolase with a different amino 
acid, said one amino acid residue being selected from 
the group of amino acid residues of Bacillus 
amyloliquefaciens subtilisin consisting of Tyr21, 
Thr22, .Ser24, Ser33, Asp36, Ala45, Gly46, Ala48, 
Ser49, Met50, Asn77, Ser87, Lys94, Val95, Leu96, 
Tyrl04 , Ilel07, GlyllO, Metl24, Asnl55, Glul56, 
Lysl70, Tyrl71 , Prol72, Phel89, Aspl97, Metl99, 
Ser204, Lys213, Tyr217, Ser221, His67, Leul26, Leul35, 
Gly97, Asp99 , SerlOl, Glyl02, Glul03 r Leul26, Glyl27, 
Glyl28, Prol29, Tyr214, Gly215, and equivalent amino 
acid residues in other precursor carbonyl hydrolases. 

4 . A carbonyl hydrolase mutant having an amino acid 
sequence derived from the amino acid sequence of a 
precursor carbonyl hydrolase by the substituion of a 
differnt amino acid for more than one amino acid 
residue' of said amino acid sequence of said precursor 
carbonyl hydrolase, said amino acid , residues being 
selected from the group of amino acid residues of 
Bacillus amyloliquefaciens subtilisin consisting of 
Tyr21, Thr22, Ser24, Asp32, Ser33, Asp36, Ala45, 
Gly46, Ala48, Ser49, Met50, Asn77, Ser87, Lys94, 
Val95, Leu9 6 , Tyrl04, Ilel07, GlyllO, Metl24, Alal52, 
Asn-155, Glul56, Glyl66, Glyl69, Lysl70, Tyrl71, 
Prol72, Phel89, Aspl97, Metl99, Ser204, Lys213, 
Tyr217, Ser221, Met222, His67, Leul26, Leul35, Gly97, 
Asp99 , SerlOl, Glyl02, Glul03, Leul26, Glyl27, Glyl28, 
Prol29, Tyr214, Gly215, and equivalent amino acid 
residues in other precursor carbonyl hydrolases. 
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5. The mutant of Claim 4 wherein said combinations 
are selected from the group consisting of Thr22/Ser87, 
Ser24/Ser87 f Ala45/Ala48, Ser49/Lys94, Ser49/Val95, 
Met50/Val95, Met50/Glyll0 , Met50/Metl24 , Met50/Met222, 

5 Metl24/Met222, Glul56/Glyl66, Glul56/Glyl69 , 

Glyl66/Met222, Glyl69/Met222 , Tyr21/Thr22, 

Met50 /Me 1 1 24 /Me 1 2 2 2 , Tyr21/Thr22/Ser87, Met50/Glul56/ 
Glyl66/Tyr217, Met50/Glul56/Tyr217, Glul56/Glyl69/ 
Tyr217, Ilel70/Lys213 , Ser204/Lys213 f Met50/Ilel07/ 
10 Lys213 and Ser24/Met50/Ilel07/Glul56/Glyl66/Glyl69/ 

Ser204/Lys213/Gly215/Tyr217 . 

6. A carbonyl hydrolase mutant derived by the 
replacement of at least one amino acid residue of a 

15 precursor carbonyl hydrolase with a different amino 

acid, said one amino acid residue being selected from 
the group of amino acid residues of of Bacillus 
amyloliquefaciens subtilisin consisting of Tyr21, 
Thr22, Ser24, Asp32, Ser33, Asp36, Ala45, Gly46, 
20 Ala48, Ser49, MetSO, Asn77, Ser87, I>ys94, Val95, 

Leu96, Tyrl04, Ilel07, GlyllO, Metl24, Alal52, 
Asn-155, Glul56, . Glyl66, Glyl69, Lysl70, Tyrl71, 
Prol72, Phel89, Aspl97, Metl99, Ser204, Lys213, 

Tyr217, Ser221, Met222, His67, Leul26, Leul35, Gly97, 
25 Asp99, SerlOl, Glyl02, Glul03, Leul26, Glyl27, Glyl28, 
Prol29, Tyr214, Qly215, and equivalent amino acid 

residues in other precursor carbonyl hydrolases, 
wherein said at least one amino acid residue of said 
precursor carbonyl hydrolase is replaced with the 
30 amino acid residues listed in TABLE I and TABLE II 

herein. 

7. The mutant of Claim 6 wherein the amino acid 
replacing said at least one amino acid residue in said 

35 precursor carbonyl hydrolase is selectd from the 

replacement amino acids listed in TABLE I herein. 
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8. Mutant DNA sequence encoding the mutant of claims 
1 through 7. 

9. Expression vector containing the mutant DNA 
sequence of claim 8. 

10. Host cell .transformed with the expression vector 
of Claim 9 . 
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849 

TCC 

GGC 

GTC 

GTA 

GTC 

GTT 

GCG 

GCA 

GCC 

GGT 

AAC 

GAA 

GGC 

ACT 

TCC 

GGC 


170 










180 







Lvs 

Tyr 

Pro 

Ser 

Val 

lie 

Ala 

Val 

Gly 

Ala 

Val 

ASP 

Ser 

Ser 

Asn 

Gin 

924 

AAA 

TAC 

CCT 

TCT 

GTC 

ATT 

GCA 

GTA 

GGC 

GCT 

GTT 

GAC 

AGC 

AGC 

AAC 

CAA 







200 










210 


Glu 

Leu 

Asp 

Val 

Met 

Ala 

Pro 

Gly 

Val 

Ser 

He 

Gin 

Ser 

Thr 

Leu 

Pro 

999 

GAG 

CTT 

GAT 

GTC 

ATG 

GCA 

CCT 

GGC 

GTA 

TCT 

ATC 

CAA 

AGC 

ACG 

CTT 

CCT 


220 










230 






1074 

Thr 

Ser 

Met 

Ala 

Ser 

Pro 

His 

Val 

Ala 

Gly 

Ala 

Ala 

Ala 

teu 

He 

Leu 

ACG 

TCA 

ATG 

GCA 

TCT 

CCG 

CAC 

GTT 

GCC 

GGA 

GCG 

GCT 

GCT 

TTG 

ATT 

CTT 


Gin 





250 

Gin 









260 


Val 

ArQ 

Ser 

Ser 

Leu 

Glu 

Asn 

Thr 

Thr 

Thr 

lvs 

Leu 

Gly 

Asp 

Ser 

1149 

CAA 

GTC 

CGC 

AGC 

AGT 

TTA 

GAA 

AAC 

ACC 

ACT 

ACA 

AAA 

CTT 

GG1 

GAT 

TCT 


-60 


-40 


-JO 


40 


Ser Ala 90 


140 


190 


?40 


V«! Gin Ala Ala Ala Gin 0C TERM 

1224 GTA CAR GCG GCA GCT CAG TAA AAC ATAAAAAACC66C CTT6GCCCC 6CC66TTTTTTATT A TTTTT CTTCCTCC6CAT6TTCAATCCGCTCC 

1316 ATAArCGACGGATGGCTCCCTCTGAAAATTTTAACGAGAAACGGCGGGTTGACCCGGCTCAGTCCCGTAACGGCCAAGTCCTGAAACGTCTCAATCGCCG 

1416 CnCCCGGTTTCCGGTCAGCTCAATGCCr.TAACGr,TCGGCGGCGTTTTCCTGATACCGGGAGACGGCATTCGT»A1CGG»TC F 10* ““I 


0251446 


SCISSILE BOND 


SUBSTRATEj 

P4 

P3 

P2 

PI i 


PI' 

P2' 

P3' 

00 


-foo~H 

QQ 

H 

00 

b® 

I 1 

Hb 




FIG.— 3 


0251446 



0251446 


Honolegy of BaclUua proteaaea 

1. Bacillus anylollqulfaclana 

2. Baclllus aubtllia var.IIBB 

3. Baelllua lichanlfornla (carlabergenais ) 


I 

AOS 

AOS 

AQT 


V 

V 

V 


P 

P 

P 


Y 

Y 

Y 


6 

6 

6 


V 

Z 

I 


s 

s 

p 


te 

o i 
Q i 
L I 


K 

K 

K 


A 

A 

A 


P 

P 

0 


A 

A 

K 


L 

L 

0 


H 

H 

0 


S 0 
5 Q 
A 0 


20 

6 

6 

6 


21 

Y T 6 

Y T 6 

F K 6 


S 

S 

A 


N 

N 

N 


V K 

V K 

V K 


V 

V 

V 


A 

A 

A 


30 

V I 

V I 

V L 


0 

0 

0 


s 

s 

T 


6 

6 

6 


0 

0 

0 


s 

s 

A 


40 

S H P 
S H P 
S H P 


41 

D L 
D L 
0 L 


K 

N 

N 


V 

V 

V 


A 

R 

V 


6 

6 

6 


6 

6 

6 


A 

A 

A 


S 

S 

s 


50 

n v 

f v 

F V 


P S E 
P S E 
A 6 E 


T 

T 

A 


N 

N 

Y 


P 

P 

N 


60 

F Q 0 
V Q 0 
T • D 


61 

N N S 
6 S S 
6 N 6 


H 

H 

H 


6 

6 

6 


T 

T 

T 


H U 
H V 
H V 


A 

A 

A 


70 

6 T 
6 T 
6 T 


V 
I 

V 


A A 
A A 
A A 


L 

L 

L 


N 

N 

D 


N 

N 

N 


5 

S 

T 


Z 

Z 

T 


80 

6 

6 

6 


SI 

V L 6 

V L 6 

V L 6 


V 

V 

V 


A 

S 

A 


P 

P 

P 


S 

S 

S 


A 

A 

V 


S 

s 

s 


80 

L Y A 
L Y A 
L Y A 


V K V 

V K V 

V K V 


L 

L 

L 


6 

D 

N 


A 

S 

5 


100 
0 6 
T 6 
S 6 


101 

S 6 Q 
5 6 0 
S 6 S 


Y 

Y 

Y 


S 

s 

s 


u 

u 

6 


z 

z 

V 


N 

N 

S 


110 
6 Z 
6 Z 
6 Z 


E 

E 

E 


V A 
U A 
U A 


Z 

Z 

T 


A 

S 

T 


N 

N 

N 


N 

N 

6 


H 

n 

n 


120 

0 

0 

0 


FIG.— 5A-I 


0251446 



FIG.— 5A-2 


0251446 


ALIGNMENT OF B.AMYIOL JOdlFAClENS SUBTIlISIN AND THERMTASE 

1 . B.anylo] }QuxfacX«n> aufetliUin 

2. thirnt<Mi 


I 


Q S V 

Y T P N 


P A L H 

P 0 A U 


BIOS 
6 U Q S 


P S E T 

0 N D S 


V A A l 

A A A V 


Y A U K 

L A V R 


I E U A 

I T Y A 


fi S A A 

fi N S 6 


• P V • 

D P Y F 


20 

5 0 £ Y 

D I A E 


40 

E K P 0 
N H P D 


N P F 0 

T P « Q 


• N N fi 

T N N S 


V L 6 A 

V L D N 


SANK 
A 0 Q 6 


L K A A 

L Q 0 A 


• • • • 

I S A Q 


T 6 % N 

• 6 S 6 


L • « K 

L A 6 K 


£0 

ONUS 
N fi N fi 


• 0 

I fi V L 

T fi 2 A 


100 

0 6 fi fi 

S 6 S fi 


120 

H D U I 

A K V I 


140 

V D K A 

V N Y A 


••US 

v fi p Q 


U K V A 

A K 2 A 


V A fi • 

U V fi 6 


B B T H 

M 6 T H 


fi V A P 

C T A P 


O Y t U 

T V T A 


N H S L 

S L S L 


U A S 6 

W N K 6 


II 

D 2 
K X 


30 

U X 
X V 


A I 

b o 


V A 
C A 


S A 
K A 


X X 
V A 


fi I 
fi C 


V V 

S V 


K A 
Q A 


B S 
fi T 


S0 

n v 

F U 


Y0 

• T 

6 2 


SB 

t L 

S 2 


110 
N fi 
N 6 


130 
P I 

T V 


tfil 

V V 

V V 


FIG.— 5B-I 


0251 446 


A A A 6 N E 

A A A 6 N A 


Y P I V I A 

Y S N A J A 


S V 6 P t L 

T Y 6 S V V 


6 N K Y 6 A 

T S T V A S 


A A L I L S 

A 6 L L A S 


t H T T T K 

E N T A 0 K 


270 

V Q A A A 0 

A Y K A V Q 


lie 

• T S 6 S | 

6 N T A • • 


160 

V 6 A V D I 

V A S T D 0 


200 

D V K A f> 6 

0 U A A P 0 


220 

or H 6 T £ A 

L 6 6 t £ H 


240 

K- K P N U T 

0 0 R f « « 


260 

• L 6 D S F 

2 6 6 T 6 T 


V 


6 T V 6 

• • P N 


S N 0 R 

M D N K 


V S I 0 

S V 2 Y 


A S P H 

A T P K 


N T 0 V 

A S N X 


Y Y 6 K 

Y U A K 


171 

V P « K 

Y P A Y 


tie 

A S F S 

S S F S 


210 

S 7 L t 

0 T Y P 


23e 

v A c A 

V A 0 v 


250 

R I 5 L 
AAAI 


6 L I N 

0 R V N 


FIG.— 5B-2 


0251446 


TOTALLY CONSERVED RE5IDUES IN SUBTJL1SIN1 
1 „ . *• 21 

21 30 it 

• • B 

41 80 II 

• V 

81 70 te 

• * • « e T H . . 6 

" . » ue 

• • 6 L • . . C 

s" 6 i". '» 

****••• • • 

, _ '«• 141 

* * * • * * 

,4 ' „ «• 164 

***** ** ,,,, *®H»*4«, 

,B * ,7 * 180 

p . . . 

,8 ‘ ,W 200 



}" . *'• 221 

221 230 2il 

SHA.fHVAS..,.. Zf 

* 4 ' «• 26. 

261 270 

* • 1 • • • • • N . , . . . . 


FI6.—5C 


p: o.8- 


< 

§ 0.5- 
cc 


£ 0.3- 



TIME (MIN) 


o 

< 

£ 0.4- 


INACTIVATION OF Q222 BY DPDA 
(DIPERDODECANOIC ACID) 



FIG.-6B 


0251446 




BAND# F222 +0X1 DANT 



FIG.- 8 


CNBr FRAGMENT MAP OF F222 MUTANT 


50 

-f- 


119 124 

-H— 


199 

-h 


•X — - »9 


# 5 


#7 


#6 


#8 


0251446 


FIG.— 9 


0251 446 


m 


CO 


u 

in 

i 

H < 

0) 

o cd 

CO 

Eh < 

1 

1 1 

o 

H < 

n 

U CD 

04 

CJ CD 

1 

1 1 

rH 

H 

m 

Eh < 

> 

CD (J 

i 

1 1 

-M 

CD CJ 

a) 

Eh < 

S 

< Eh 

i 

1 1 

M 

CJ CD 

a) 

CD CJ 

CO 

< H 

i 

. 1 l 

m 

u e> 

rH 

cj cd 

< 

cd u 

1 

i i 

>n 

< eh 

«H 

CD u 

O 

CD CJ 

1 

1 1 

>i 

CJ CD 

rH 

CD CJ 

O 

CD CJ 

1 

1 | 

(0 

< Eh 

«H 

CJ CD 

< 

CD U 

l 

1 l 

rH 

< Eh 

(d 

Eh < 

> 

CD U 

i 

1 1 

in 

CD U 

>i 

< H 

»4 

< Eh 


1 

in 


H 

0 

1 

U 

o 

* H 

0 

'-§■< 

; o 

< 

1 

u 

o 

J 

« u 
+ u 
o 

. II 

=s 

t 

in 


m 

i 

< 

0 
< 

1 

< 

o 

0 

u 5 ? 

1 

0 

< 

H 

1 

o 

0 

1 
I 
I 
« 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

< 

I 

o 

o_ 

i« 

H 

H 


in 

i 

h < 
u o 

V f 

S g 

ft. CD 
I 

* E-t 
< 
cj 


in 

i 

H < 

u o 


Eh 

I 

H 


< 

I 

<< 


■K < 


CJ CD 

cj o 


i 

E-»: < 

a v 

cd i > 4 


5 

I 


I 


U o 

2 o 

< K 


< 

0 

1 

H 

0 
H 

1 

E-* 

U 

O 

I 

< 

0 

1 

O 

E-* 




»•■ 1* 

< 



CJ CD 

i 



O C5 ! 

o 



CD O' 

o 



l IV' 

H 



< Eh. 

1 



<d a: 

CD P ! 

-|8 



. * H 

* CD 



O CD 

1 



CD U ; 
CD CJ: 

CD 

< 



i ; n 

2 

i 



O o 

< 



CD U 

EH 



I 1 ■■■ 

Eh 



< Eh: 

1 

o 

a 

ft < 

Eh 

CJ 

CD CJ 

< 

1 

i 

1 l 

CD 

o 

CJ. 

CD O 

1 

5 

Eh 

< CJ 

Eh 

1 

Eh 

< Eh 

CJ 


1 

1 



• 

• 

in 


in 

m 



O 

3 


LO 

£ 

O 

E 

*c 

a. 

« 

CO 

© 

c 

© 

CO 

3 

2 


1 

E 

W 

c 

2 
3 

5 


^ CM O 


in 


CO 


V45, P45,V45/P48, E46, E48.V48.C49, C50, F50 


0251446 


O 

CO 


ID 

eg 


eg 


U 

CD 

0 

I 

0 
H 
CM 

1 

>1 

H 

CD 

I 

>. 

H 

CD 

I 

3 

(U 

A 

I 

0) 

CO 

4 J 

CD 

£ 

I 

c 

CO 

< 

I 

CD 


in 

i 

E-« *G 
CJ O 
H < 
I I 
H < 
CJ CD 
CJ CD 
I I 

< H 

0 CJ 
CD O 

1 I 
CJ CD 
0 O 

0 O 

1 I 
U CD 
H < 

0 CD 

1 I 
CJ CD 

0 O 

< H 

1 t 

0 CJ 

E-* < 

< H 

1 I 

CJ 0 

sc 


O 

rg 


I 

H 

> 

I 


I I 

rs 

n 

H S 


Eh . 

cs a 

ft uo 

W < H 

<! O O 
I l 

a o 

Eh < 
< Eh 

H < 

SC 

t I 

a o 

sc 

I 


I 

+J 

CD 

£ 

I 

C 

CO 

< 

I 

c 

CO 

< 


8 

c 

CD 


in 


CT CD 
8 .2 
s § 

to aT 
i: o w 
o .£ < 
■2 E 2 
| to Q 

= & £ 
§ * J* 
■gss 
8 Z § 

• • • 
^ eg co 


in 

Sg 

S3 

-8? 

: a 0 • 

•a u 
o u 

I: 1 
0 CJ 
0 L> 

0 o 

1 I 
CJ 0 
I 
I 
I 
I 
I 
I 
I 
I 
I 


I 

I 

I 

I 

I 

I 

I 


*'6o 

* H< 

*tfS4 

?? 

© o 

S3 

s< 

sc 

O c!j 
< ^ 

f* 

in 


OJ 

1 


in 

i 

Eh < 

0 O 
Eh < 

1 I 

Eh < 

u a 
a a 

i 

o 

■K o 
o 


*s 

0 

I 

0 

H 

< 

I 

E-» 


< 
H 

a 

I 

o 
< 
Eh 

sf 

CJ 0 

sc 

I 

m 


> 

a: 

I 


CM 

tfS 


I 


m 

i 

Eh < 

0 © 

Eh C 

1 I 
Eh < 
O O 
O © 

* o © 
o u 
'Os O 
i 

O © 
© O 
: © Q 

O £ 

;.o $ 

0 ©; 

2 H 

1 1 ? 


C Eh 

0 O 

1 I 

© o 

Eh < 

■f J 

Eh < 

5 C 

o a 

sc 


in 


co 

l 

CJ 

H 

I 

H 

0 

0 

I 

H 

U 

H 

CJ 

a 

i 


< *•' 

*© 

t lr' 

o 

O © 

© 

: < Eh 

1 

3 H 

■KC3 

1 i : 

O 

.Eh < 

o 

: Eh JC: 

I 

. < EH 

u 


1 

fH < 

*u 

etn < 

*Eh 

-© .© 

*< 

"t 

1 


< 

0 

I 

0 

< 

I 

Ei 

s 

I 

a 


s 


m 


© 

E 

w 

a 

w 

co :: 

5 ^ 

§2 

o> < 

to Q. 

is 


(0 


0 

CM 

U 

O 

z 

< 

C\J 

-J 

m 

* 

CM 



0 

U. 



OD 


EFFECT OF DPDA ON MUTANTS AT 124 AND 50 


0251446 



9NINIVW3H NOIIOVUJ 


FIG.-I2 


0251446 


>» 

5 

o 

u 

CL 

u 

6 

VO >k 
VO r- 
*-< CD 

*0 

U 

JC 


ro m 
I I 
H- «£ 
CD (J 
CD O 

H < 
CJ CD 
O CD 

O CD 

»— <£ 

CJ CD 
CD CJ 
CD O 

CD CJ 
H < 
CD CJ 

< K- 

CJ CD 

< H- 

CJ CD 



ro m 
1 1 
H- < 

oo m 

I I 
*- < 

CD CJ 

CD CJ 

CD 

CD CJ 

* CD 

♦ CD CJ 

o 

CJ CD 

CJ 

CJ CD 

CL 

(O CD 


<C h- 
c 


KJD CJ 

H < 

CD CJ 

< 

CJ CD 
cC ' 

O CD 


w 

00 

< l~ 



CD CJ 
< 1— 

u 

CD 

OO 

<C H- 
CJ CD 
H- < 

AGC TCA 
TCG AGT 
SacI 

f— 

< H- 
CJ CD 
1“ C 

u 

01 

00 

O CD 
CD CJ 
< h- 

o 

CD 

< 0 

CJ CD 
CD CJ 
< h- 

>» 

CD 

CJ CD 
CD CJ 
CD CJ 

* CD CJ 
CD CJ 
CD CJ 

♦ CD CJ 
CD CJ 
CD CJ 

* CD CJ 
CD CJ 
CD CJ 

c. 

CD 

OO 

O CD 
CJ CD 
H* < 

CJ CD 
O CD 
1- C 

CJ CD 
CJ CD 
l-< 

CJ CD 
CJ CD 
1— < 

u 

-C 

*— 

H- < 
CJ CD 
<1- 
1 1 
rn « 

to ro 

1- < 
CJ CD 
< 1- 
J 1 

in no 

h- eC 
CJ CD 

?J 

in co 

h- < 
CJ CD 

?? 
m ro 


• • • • 


C 01 


O u 


■O e 

• • 

o 01 

01 

cj a 

CJ 

cr 

c 

01 

01 

to 

a 


Cr 

XJ 

01 

•r- 

V) 

U 


•o 

< 



o 

o 

c 


•r- 

01 

B 

cx 

10 

>> 


<M 

01 


Ol 

X? 

>3 


4-> 

*<— 



-o 




*r 

• 

3C 

H 


• • 
O) 

u 

c 

01 

a 

cr 

oi 

V) 


< 

o 


VO 

VO 


< 

o. 


CSi 


*d 

£ 

■o 

c 


u 

<0. 

in 


2 

a 

u 

VO 

vO 

f— I 
<3 

o. 


CO 


o 

.c o 

<4-1 o. 

■O <L> 
01 01 
4J V/l 
flj CO 
03 <u 

u 
*™ <c 

VO 2= 
VO O 
t—f 
< X 
Q. 0J 

4-> Q. 

a a 

CJ T3 




U 



«A 


0251446 



FIG.- 14 




lo 9 k cat /K M l°9 k cat /K M 


0251 446 


PI SUBSTRATE 



ENZYME 

FIG.-I5A 


PI SUBSTRATE 

AMFY AMFY AMFY AMFY AMFY 



FIG.-I5B 


*°g kcat /K 


0251446 






Gly-169 CASSEnE MUTAGENESIS 


0251446 


ac 
tow 
K M 
•—I 

O 

ac 

a. 


cru 

CD 19 
f-l 

O 

ct 

a. 

ee 

>- 

-i 

a 

•J 

2 

x 


ac 

w 

o 

ac 

C*UI 

to v» 


to in 
u o 

u S 

u to 

a to 

< H- 


2 S t 

-j <, f- 


CO u 
CO U 

K «C 
u u 
u to 

S «2 

s s 

to to 
to u 

u 5 

S (9 
< ►— 

U 19 

to u 

3 fe 

I" < 


ia m 


ki in 
u to 


o to 
“ to 


• to 


2 

c > 

oc 

i- 8 

Cl UJ 


CJ S 
CM to 


to — 
(r ac 


a 

ta 


& § 


y to 

< i- 

u to 

to Cl 


Cl to 


ia ki 


to IA 

u u 

H* < 

U U 

U 19 

£ 

flu 


m tn 

& 5 

I- < 

5 5 

Cl O 


* ° 
U to 

u to 


to 

Cl 

to 

£ 

o 


Cl 

Cl 

Cl 


to 

to 

to 

A 

ft to o| 
to u 
to Cl 



Cl 

19 

00 

1 

5 

3 

Cl 

S3 

(9 

s 

g 

to 

S ta 

& 

1. 



x 

< 

o 

g 

to 

Cl to 
to u 

o 


►- 

u 

iZ 

u 


s & 

CO 



to 

3 


5 


H* <£ 


IA 

Pi 

IA P> 

V 

IA 



ZUI 



o u 



o X 



O ui 

Ul 


CIO 

Cl 


o 

9C 


Ul 

Ul 


VI 

3 

Ul 


O 

o 

o 

Ul 


am 

VI 

Ul 

Cl 


o 


5 

o 

Ul 

o 

O 

trt 

z 

* 


z 

Ul 

CL 

5 


£ 

a 

S! 

O 

at 

to 

> 

aJ 

r-t 

H 


Ob 

o 

£ 





MB 

m 

• 

3 


A 


8 


cn 

to 


«c 


& 

u 

O) 

to 


m 


tu 

►* 

to 

J 

Cl 

to 


-J 

8 

ft, 

Ul 


o 

Ul 


_ s 

S i 



0251446 


I 

A 

1-1 

E-» 

I 

in U 


2 * 


* £ 

*85 
*f 1 


e> 

i 

Vi 

<u 

co 

i 

O >1 


id m 

o 

c 

<D 

& ® 
© o 

M C 

5 § 

g S' 

o w 

e < 


E 

rt Q 

»& T- 

5 - 

k_ 

s 

=3 

C 

C 

o 

8. & 
£ £• 

*. « 

£ g 
»_ o 

m 

at 

E 

# 

s 

o 

2 S 

® tr 
E ® 

*r CO 
£ £ 

E 

£ 

© 

s 

2 

v- 

■ * 

CM CO 

• 

Ift 

CD 


FIG.— 19 


0251446 




CO 



1 


P 

5 


iH 

<: 


O 

o 


1 

i 

If) 

c 

o 

in 

CO 

< 

r-l 

< 

< 

1 

£-i 


>» 


r— 1 

O 


o 

o 


1 

1 


(0 

D 


rH 

O 


< 

O 


1 

1 

CM 

cd 

< 

if) 

iH 

o 

r-i 

»< 

o. 


1 

1 


(0 

o 


•— 1 

V 


< 

o 


1 

1 

o 

rH 

H 

in 

rd 

H 

«H 

> 

O 


1 

1 


H 

U 


to 

E-t 


> 

O 


1 

1 

00 

H 

< 


CO 


t-i 

> 

ID 

1 


• • 
R 

m 


o 

c 



CD 



6- 

CD 

• • 
s 


0) 

c 


TJ 

CD 

=3 


U 

cr 


CO 

CD 

* • 

o 

CO 

© 

c 

< 

-o 

E 

z 

E 

CO 

D 

3 

C 

CD 

Q. 

g. 

c 

o 

3K 


■g 

o 

2 

5: 

*o 


CO 

I 

< 

ttD 

m 

Jo 


S.1 

*u> 

N 

rfi 

% 
5r 

Hd 
h\ 

%Q 

11 

XJ 

■O 

M 

SH 

O. 

I 


in 


co 

i 




4! 

$£p 

I 

O 

s 

ri 

3TH 

ao 

S.l 

TO 
o 
l® 

M 

$■ I 

v.- * 


IS 

?Y 

}& 

*■*« 

v-o 

F* 

r o 

u? 

rt 

?:h 

o 


i 

in 


fO 

in 

o. 

\ 

CM 

in 

> 


OJ 

in 


cn 


• • -j 

^ CM CO 


in 


m 

§ 

:l 

:U 

s 

; I 

*0 

a 

•o 

,o 

gU 

“a 

rt 

rts 

:o 

•j® 

;.o 

& 

"S 

I 

«* 

in 


CM 

in 

o 

• 

CD 


i 



FIG.- 20 


0251 446 



f P156/166 J 


FIG. — 21 


0251446 


ft! 

rH 

< 

I 

4-» 

0) 

s 

M 

0) 

CO 

CM 

CM E-» 

I 

>1 


0 

1 

c 

to 

< 

I 

u 

>1 

H 

I 

(tJ 

«H 

< 


in 

l 

< H 
0 0 
0 0 
I I 
0 0 
Eh- < 

< H 

I I 

< Eh 
0 0 
Eh < 
I I 
0 0 
U 0 

< H 

t I 

Eh < 
0 0 
0 0 
I I 
0 0 


CM 


< 

< 

I 

0 

< 

Eh 

1 


Eh 

H 

I 

0 

Eh 

< 

I 


m 

rH 

CM 


CM 


>1 

•H 

0 

I 

H 

>1 

Eh 

I 

<0 

>. 

PI 

1 

c 

CO 

C 

i 

>i 

iH 

0 


0 0 
0 0 
0 0 
I t 
0 0 
0 0 
0 0 
I I 
0 0 
< Eh 


Eh 

I 

< 


< 

I 

Eh 

Eh 

Eh 


8 

c 

CD 

D 

or o 
CD O 
CO c 
CD 


2 

8 


cr 

CD 

r o w 
© £ < 
x» p Z 
E a Q 

i g. S 
g * * 

■n TJ 32 

v CM CO 


m 

t 

< Eh 
0 0 
0 0 

I I 
0 0 
Eh < 

< Eh 

I I 

< Eh 
0 
< 

sssi 

0 . 

*CD U 
0 U 
I 
I 


u cd 

< H 

H < 

CD 

sO CD 

fe v 

*SD CD w 
;tD U| 

® u z 

Kl* I 

U CD 

< H 


* < 
a 


lO 

< H 
U tD 
CD U 
I I 
CD U 

s s 

ici. 

0 0 

Vf 

Eh 


Eh 

g 


I 

Eh 

Eh 

Eh 


0< 

0 

* 0 
0 O 
0 0 
I I 

sg 
£ £ 


1 

i 

1 

i 

1 

I 

1 

i 

0 

0 

0 

0 

0 

0 

0 

0 

< 

Eh 

< 

Eh 


H 

< 

EH 

< 

Eh 

< 

Eh 

< 

Eh 

< 

Eh 


1 

1 

1 

1 

1 

1 

1 

< 

Eh 

< 

Eh 

< 

Eh 

< 

EH 

0 

0 

0 

0 

0 

O 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 


1 


1 


1 


in 


m 


in 


in 



i 


I 

1* 

§■? 

CL CO 

tri 


CO 

I 

Eh 

0 

1 

0 

0 

Eh 

I 

< 

< 

0 

I 

EH 

* < 

Eh 

< 

* 0 
0 
l 

0 

< 

EH 

0 

I 

*0 

0 

0 

I 

0 

< 

Eh 

I 

< 


I 

O 

g 

I 

< 

0 

I 


in 


o> 

E 

■c 

O- 

w 

(A .. 
CD fs. 

!§ 

CO Ql 


CD 


CM 

CM 

I 

0 

Ll 


f^ 

CM 

c3 

cn 

< 


CD 

E 

CO 


CO 

3 


2 


00 


RELATIVE kcot/Km < RELATIVE kcat/Km 




0251 446 




in 

* 

u 

O 

i 

CD 

<D 

O 

CD 

to 

Eh 

< 

1 

1 

1 

o ^ 

H 

< 

5 «H 

CD 

O 

1H CD 

CD 

o 

1 

1 

1 

a 

U 

CD 

co 

< 

Eh 

< 

CD 

O 

1 


1 

m 

Eh 

< 

rH 

o 

CD 

< 

CD 

O 

i 

1 

1 


H 

< 

rH 

CD 

o 

CD 

CD 

o 

1 

1 

1 

3 

U 

CD 

0) 

Eh 

< 

•-3 

O 

CD 

1 

1 

1 

in d 

Eh 


at 

Eh 


> 

CD 

L> 

1 

1 

1 

CO 

< 

Eh 

>1 

< 

Eh 


< 

Eh 

1 

1 

1 

*H 

< 

Eh 

(0 

Eh 

< 

> 

CD 

CJ 

1 

1 

1 

(0 

Eh 


rH 

o 

CD 

< 

CD 

a 

1 

1 

t 

. u 

O 

CD 

at ^ 

< 

Eh 

Eh 

Eh 

< 


0 
Q 
Eh 

1 

H 

0 

0 

1 

u 

iS 

u- 

*s 

i? 

•Eh 
* 0 
0 
I 

U 

H 

U 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


m 


*~0 

jO 

Sy 

isb 

EH 

I 

in 


to 

i 

0 

0 
< 

1 

< 

0 

L> 

1 

0 

Eh 

0 

1 

H- 

82 

f 

< 

CD 

U 

< 

CD 

< 

CD 

I 

I 

t 

I 

I 

I 

1 

I 

I 

I 

I 

< 

I 

U 

0 _ 

Vi 

CD * 
Eh 
< 


ID 

I 

U 0 
U CD 
Eh < 
I I 
EH < 

0 O 
CD O 

1 I 
O CD 
< Eh 
CD U 
Qi I 

* CD 

0 

1 

< 


< 

H 

I 

In 


a 

o 

CD 

0 

1 

CD 

Eh 

< 



m 

i 

U 

O 

CD 

O 

U 

CD 

Eh 

Eh 

< 

1 

1 

1 

Eh 

Eh 

< 

0 

a 

o 

0 

CD 

o 

1 

1 

1 

U 

u 

0 

< 

< 

Eh 

0 

CD 

U 

1 

*>J. 

1 

* < 


EH 

u 

ip 

0 

0 

pt!> 

U 

1 


in 


Eh 
•K U 
CD 
I 

U 
Eh 
• U 

* Eh 

* CD 

u 

I 

0 
< 
Eh 

1 

Eh 

Eh 

0 

1 

< 

U 

I 

< 

U 

I 

In 


S 

IT 

a> 

3 .. 

cr a> 

CD 6 
CO c 

s § 

s gr 


i: ° 

2 •— 

| co 
2 & 
g * 

T> T3 

O g 

O $ 


CO 

< 


CD 

Q. 

3* 

T3 


t“ CM O 


• • 
in 
cn 

Z 

* 


i 

i 

i 

x: 

I 


in 

<3 

a. 

in 


s 

s 

CO 

CO 

s 

JZ 


TJ 

G> 

CO 

m 

O) 

z 

5 

O 

<0 


in 

tn 

EL 


1 

*c 

o. 

JO 

CO 

(D 

c 

o> 

CO 

3 

2 


IO 

CM 

I 

CD 

U. 


CO 

cn 

a 

in 

cn 

a 

flfc 

cn 

u 


a> 

"D 

co 

E 

co 

c 

CO 

i 


SUBSTRATE SPECIFICITY 
pH» 8.60, T = 25 


0251446 



UJ» /4D0)j 60| 


SUBSTRATE SPECIFICITY 
pH = 8.60, T = 25 


0251446 



k\\\\\\\\\\VA 



CD 

3 

< CO 

Z 

i - 


[ 

v/S'/S/S/S///' 

0. ® - 
3 ^ 

“ ujS W 
fctsl 1 





v/y///////7//X/7 





T 

<0 IO tO CM 

Ui^/|D0>| 6o| 


CO 

u. 




CD 


PI 

\A 


tn 


h- 

m 

3 

CO 

< 

cri 


n 

N 



W>j/iDO>| 6o"l 


CHA 





CHARGE OF PI BINDING SITE 

FIG. -28 



0251 446 


I 



FIG. — 29A 



FIG.-29B 



PERCENT RESIDUAL ENZYME ACTIVITY 




0251446 
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Bo Rl **" Hl 

(M13 SUBfi 


1. Extend and stop vs. time 

2. Misincorporate dNTPsat3’end 



Extend, ligate, methylate 






1. Transform 

2. Isolate RF DNA pool 



1. Ava I digest 

2. Sub-clone 1.5 kbEco Rl/ Bam HI 
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iso 




200 






206 

W.T A.A.: 

Glu Leu 

Asp 

Val 

Met 

Ala 

Pro 

Gly 

Val 

Ser 

lie 

Gin 

W.T. DNA; 

GAG CTT 

GAT 

GTC 

ATG 

GCA 

CCT 

GGC 

GTA 

TCT 

ATC 

CAA 


CTC GAA 

CTA 

CAG 

TAC 

CGT 

GGA 

CCG 

CAT 

AGA 

TAG 

GTT 

pA222DNA: 

GAG CTT 

GAT 

GTC 

ATG 

GCA 

CCT 

GGC 

GTA 

TCT 

ATC 

CAA 

CTC GAA 

CTA 

CAG 

TAC 

CGT 

GGA 

CCG 

CAT 

AGA 

TAG 

GTT 

A197DNA: 

GAG CTC 

* * 
GCA 

GTC 

ATG 

GCA 

CCT 

GGC 

GTA 

TCT 

ATC 

CAA 


CTC GAG 

CGT 

CAG 

TAC 

CGT 

GGA 

CCG 

CAT 

AGA 

TAG 

GTT 


Sst I 





_ 






Fragmex*x from 

GAG-CT 











pA222 and A 197 

Cp 











cul w / Pstl, Sstl: 

• 











pA222, A197 

.GAG CTC GAT 

GTC 

ATG 

GCA 

CCT 

GGC 

GTA 

TCT 

ATC 

CAA 

cut Sl lig filed 

CTC GAG 

CTA 

CAG 

TAC 

CGT 

GGA 

CCG 

CAT 

AGA TAG GTT 

w / oligodeoxy- 
aucleotidc pools: 

Sstl 












W.T A.A.: 

207 



210 








218 

Ser 

Thr 

Leu 

Pro 

Gly 

Asn 

Lys 

Tyr 

Gly 

Ala 

Tyr 

Asn 

W.T.DNA: 

AGC 

ACG 

CTT 

CCT 

GGA 

AAC 

AAA 

TAC 

GGG 

GCG 

TAC 

AAC 

TCG 

TGC 

GAA 

GGA 

CCT 

TTG 

TTT 

ATG 

CCC 

CGC 

ATG 

TTG 

P&222DNA: 

AGC 

ACG CTT 

CCT 

GGA 

AAC 

AAA 

TAC 

GGG 

GCG 

TAC 

AAC 

TCG 

TGC 

GAA 

GGA 

CCT 

TTG 

TTT 

ATG 

CCC 

CGC 

ATG 

TTG 

A197DNA: 

AGC 

ACG 

CTT 

CCT 

GGA 

AAC 

AAA 

TAC 

GGG 

GCG 

TAC 

AAC 

Fragma*i from 
pA222 *nd A197 
cut w 1 Pstl. Ssth 

TCG 

TGC 

GAA 

GGA 

* 

CCT 

* 

TTG 

TTT 

ATG 

CCC 

CGC 

ATG 

TTG 

AGC 

ACG 

CTT 

£££_ 


AAC 

AAA 

TAC 

GGG 

GCG 

TAC 

AAC 

JtESL 

.ICC 

GAA 


CCC TTG TTT ATG CCC 

CGC ATG TTG 


Smal 


W.T A.A.: 


2 1 9 220 230 

Gly Thr Ser Met Ala Ser Pro His Val Ala Gly Ala 


W.T.DNA: 
pA222DNA: 
A197 DNA: 

Pragma** bon 
pA222 wxi A197 
cul w/ Pstl, Sstli 


GGT ACG TCA ATG GCA TCT CCG CAC 
CCA TGC AGT TAC CGT AGA GGC GTG 

GGT ACC TCA CG CAC 

CCA TGG AGT GC GTG 

Kpnl 


GTT GCC GGA GCG-3' 
CAA CGG CCT CGC-5 ' 

GCT GCA GG A GCG-3’ 
CGA CC-T CCT CGC-5’ 
Pstl 


GGT ACG TCA ATG GCA TCT CCG CAC GTT GCC GGA GCG-3' 
CCA TGG AGT TAC CGT AGA GGC GTG CAA GTG CCT CGC-5' 


pGGA GCG-3’ 
A CGT CCT CGC-5’ 


pA222, A 197 
cm & ligated 
w / oligodeoxy- 
auclcoiide pools: 


* * 

GGT ACC TCA ATG GCA TCT CCG CAC GTT CPA GGA GCG-3’ 

CCA TGG AGT TAC CGT AGA GGC GTG CAA CGT CCT CGC-5’ 
Kpnl Pstl destroyed 


Oligodeoxynucleotide pods synthesized with 2 % contaminating nucleotides in each cycle to give 
-159b of pool with 0 muisdons, -259b of pool with single mutations, and 
-57% of pool with 2 or more mutations, according to the general formula f 

nl 
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Sstl^ .Smal 


213 


N/£ 



EcoRI 


pBR322| 

ori & C204/R213 


BamHI 



1. Sstl/EcoRI digestion 

2. Purify 1.0 kb EcoRl/Sstl 
fragment 


Fragment 1 


CAT 

1. Smal/EcoRI digesti 

2. Purify 4.7 kb EcoRI/Smal 
fragment 




#1 


Fragment 2 


#2 

#1 

MKI 

#2 

#3 

#4 

#3 


Four 3-way ligations 




#4 p 

Fragments 3 

Heterophosphorylated 
duplexes 
(see Fig. 4) 



1. Transform E. coli 


2. Digest 4 plasmid pools with Smal, 
retransfor m E. coli 

3. Transform B. subtilis (BG2036) 
with 4 second pools 

4. Screen 
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